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Major  Department:  Exercise  and  Sport  Sciences 

This  study  investigated  the  effects  of  two  training 
schemes  and  two  types  of  tasks  on  the  temporal  organization 
of  sequential  motor  skills  under  two  effector  conditions. 

Two  different  theories  about  timing  control  mechanisms  were 
compared  and  a third  composite  approach  was  proposed. 

During  the  training  phase,  48  subjects  were  randomly 
assigned  to  four  conditions  determined  by  the  factors  of 
training  schemes  (extensive  versus  limited)  and  effector 
conditions  (single-hand  versus  between-hand)  for  Experiments 
1 (28  males  and  20  females)  and  2 (26  males  and  22  females) . 
In  Experiment  1,  subjects  pressed  six  keys  in  a particular 
spatial  order  at  a prescribed  response  rate  so  that  the  five 
time  intervals  of  the  act  would  match  the  intended  goals. 

For  Experiment  2,  the  six  keys  were  pressed  in  the  same 


x 


response  order  as  in  Experiment  1,  but  as  quickly  and 
accurately  as  possible. 

During  the  transfer  phase,  subjects  performed  three 
tasks  (20  trials  each)  for  Experiment  1 (same  relative 
timing,  different  relative  timing,  and  auditory  tasks)  or 
two  tasks  for  Experiment  2 (50%  speed  reduction  and 
direction  reversal  tasks) , all  under  the  single-hand 
condition.  Testing  was  completed  during  a single  testing 
session  (approximately  1.5  hrs  for  the  extensive  training 
groups  and  0.5  hr  for  the  limited  training  groups) . 

Separate  mixed-design  ANOVAs  were  used  to  analyze  RMSE, 
SD,  and  phasing  data  for  Experiment  1,  and  SD,  phasing  data, 
and  segmental  movement  times  (MTs)  for  Experiment  2.  In 
Experiment  1,  extensive  training  (320  trials)  eliminated  the 
initial  differences  in  terms  of  RMSE,  SD,  and  phasing,  which 
also  existed  in  the  limited  training  (60  trials) . 
Furthermore,  transfer  results  suggest  that  an  abstract  and 
central  control  mechanism  contributed  more  to  the  temporal 
organization  for  the  extensive  training  subjects  than  the 
limited  training  subjects  wherever  the  same  phasing 
characteristics  were  maintained.  For  Experiment  2,  the 
organization  of  temporal  properties  was  mainly  influenced  by 
the  use  of  different  effector  conditions  and  the  kinematics 
of  the  timing  tasks,  regardless  of  the  training  schemes. 

Taken  together,  the  present  results  support  the  major 
conclusion  that  timing  control  mechanisms  for  motor  skills 
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vary  as  a function  of  amount  of  training  and  type  of  tasks. 
Therefore,  the  composite  approach  is  favored  for  the 
understanding  and  interpretation  of  timing  research. 
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CHAPTER  1 


INTRODUCTION 

The  emergence  of  cognitive  psychology  has  contributed 
to  the  transition  from  a product-oriented  research  approach 
towards  a process-oriented  approach  (see  Fitts  & Posner, 
1967;  Miller,  Galanter,  & Pribram,  1960).  In  the  past, 
motor  behavior  researchers  have  mostly  focused  on  variables 
directly  related  to  movement  outcome  (Langley  & Zelaznik, 
1984) . In  more  recent  years,  there  has  been  increased 
interest  in  identifying  the  space-time  organization  of  a 
skilled  act  (Kelso,  1982;  Langley  & Zelaznik,  1984; 

Marteniuk  & Romanow,  1983) . In  particular,  it  has  been 
suggested  that  learners  acquire  skills  by  adapting  to  some 
internal,  task-relevant  variables  that  specify  the  execution 
of  tasks  (see  Fowler  & Turvey,  1978;  Gelfand  & Tsetlin, 

1971;  Soechting  & Lacquaniti,  1981).  Identifying  those 
variables  should  help  in  understanding  the  internal 
organization  of  motor  skills.  Timing  relations  embedded  in 
sequential  movements  have  been  identified  as  representing  an 
important  variable  in  the  learning  of  a skill  and  the 
ability  to  perform  at  a high  degree  of  proficiency. 

Researchers  have  been  deliberating  over  the  underlying 
mechanisms  of  human  movements,  from  simple  ones  such  as 
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picking  up  a glass  (e.g.f  Jeannerod,  1981,  1984)  and  walking 
(e.g.,  Alexander,  1984)  to  more  complex  ones  such  as 
typewriting  (e.g.,  Rumelhart  & Norman,  1982),  piano-playing 
(e.g.,  Shaffer,  1984),  and  handwriting  (e.g.,  Viviani  & 
Terzuolo,  1980) . It  has  been  noted  that  the  successful 
execution  of  many  motor  skills  depends  on  the  integration  of 
several  submovements  into  one  unified  movement  sequence.  In 
this  process,  certain  temporal  and  spatial  constraints  have 
to  be  obeyed,  because  movements  are  not  effective  if  they 
are  activated  too  soon  or  too  late  in  the  context  of  the 
overall  task. 

It  is  important  that  a particular  submovement  be 
produced  "in  the  correct  order  and  at  the  appropriate  moment 
in  time  in  relation  to  the  other  movements  making  up  the 
activity"  (Summers  & Burns,  1990,  p.  181).  Thus,  the 
ability  to  execute  submovements  at  the  appropriate  time  in  a 
sequence  is  a prerequisite  for  the  demonstration  of  skilled 
movements  or  actions.  In  general,  studies  that  are 
concerned  with  how  movements  are  organized  and  executed 
timewise  are  associated  with  the  area  of  timing.  In 
specific,  timing  (or  phasing)  in  the  present  study  refers  to 
the  temporal  structuring  of  the  constituent  response  units 
comprising  a response  (Marteniuk  & Mackenzie,  1980)  as  well 
as  the  inter-unit  interval  placed  in  sequence  (Glencross, 
1978,  1979).  Timing  has  been  recognized  as  one  of  the 
essential  variables  that  is  associated  with  motor  control 
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(Langley  & Zelaznik,  1984;  Schmidt,  1980,  1984).  Empirical 
evidence  bearing  on  timing  as  an  important  internal,  task- 
relevant variable  has  been  reported  (e.g.,  Klapp,  1979; 
Klapp,  Hill,  Tyler,  Martin,  Jagacinski,  & Jones,  1985; 
Newell,  Hoshizaki,  Carlton,  & Halbert,  1979;  Rosenbaum  & 
Patashnik,  1980) . 

As  with  other  topics,  theoretical  developments  related 
to  timing  have  taken  a zig-zag  road.  In  his  recent  book, 
Unified  Theories  of  Cognition.  A.  Newell  (1990)  reemphasized 
his  concern  about  some  problems  in  theory  development  in 
psychology.  One  problem  is  that  "what  psychologists  mostly 
did  for  theory  was  to  go  from  dichotomy  to  dichotomy"  and 
"there  never  seemed  to  be  any  real  resolution"  (p.  2). 
Newell's  concerns  reflect  some  truth  about  what  has  happened 
with  studies  of  motor  timing  and  related  theoretical 
considerations . 

There  are  various  issues  and  debates  regarding  the 
timing  of  movement  seguences.  One  of  the  most  important 
ones  concerns  whether  time  per  se  is  directly  specified  in 
the  control  of  movement  production.  There  are  two  totally 
different  approaches  to  the  solution  of  this  issue;  namely, 
the  information-processing  approach  and  the  action  systems 
approach.  On  the  one  hand,  information-processing  theorists 
maintain  that  timing  is  centrally  controlled  with  temporal 
codes  stored  in  motor  programs  or  by  some  central  time- 
keeping mechanisms.  According  to  this  theory,  the  relative 
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timing  (or  phasing  relations  among  components  in  an  act)  is 
a determining  factor  that  distinguishes  different  classes  of 
movements.  One  of  the  most  important  assumptions  is  that 
relative  timing  is  specified  by  a parameter  of  a generalized 
motor  program  (Schmidt,  1982) . On  the  other  hand,  the 
action  systems  approach  (sometimes  referred  to  as  the 
ecological  approach)  to  perception  and  action  argues  that 
timing  per  se  is  not  directly  specified  in  movement  control. 
Instead,  it  is  postulated  to  be  a consequence  of  the  dynamic 
behavior  of  the  neuromotor  system  (e.g.,  Kelso,  1981). 

The  debate  between  the  action  systems  theory  versus  the 
information  processing  theory  has  not  been  resolved  yet  (see 
Meijer  & Roth,  1988,  for  a review).  The  fact  that  evidence 
in  support  of  both  theories  exists  makes  it  more  difficult 
to  resolve  this  issue.  For  example,  support  for  the  action 
systems  view  comes  from  the  observations  of  entrainment-like 
phenomena  in  voluntary  human  action  (Kelso,  1980,  1984; 
Kelso,  Holt,  Rubin,  & Kugler,  1981;  Yamanishi,  Kawato,  & 
Suzuki,  1980)  and  from  elegant  theoretical  modeling  (Kelso  & 
Kay,  1987;  Kelso  & Tuller,  1987;  Saltzman  & Kelso,  1987). 

On  the  other  hand,  the  information  processing  view  as 
represented  by  the  generalized  motor  program  model  (Schmidt, 
1982)  that  emphasizes  central  control  of  timing  also  can 
find  empirical  support  in  studies  of  rapid  limb  movements 
(e.g.,  Carter  & Shapiro,  1984;  Shapiro  & Walter,  1982; 
Wadman,  Denier  van  der  Gon,  Geuze,  & Mol,  1979)  and 
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handwriting  (e.g.,  Hollerbach,  1981;  Viviani  & Terzuolo, 
1980) . 

Due  to  some  conceptual  and  methodological  problems, 
these  theories  are  not  satisfactory  in  completely  explaining 
the  underlying  mechanisms  for  timing.  Criticisms  have  been 
raised  about  these  theories.  The  information  processing 
approach  to  motor  timing  has  been  severely  challenged  by 
Gentner  (1987)  whose  reanalysis  of  the  timing  data  from  a 
variety  of  laboratory  tasks  and  real-world  tasks  has 
generated  non-support  for  the  assumption  of  relative  timing 
invariance.  This  theory  has  been  further  challenged  by  the 
work  of  Heuer  and  Schmidt  (1984)  who  did  not  find  expected 
transfer  when  the  same  relative  timing  was  involved,  of 
Kolers  and  Brewster  (1985)  who  observed  that  the  variability 
of  tapping  performance  was  affected  by  the  modality  in  which 
stimuli  were  presented,  and  finally  of  Teulings  (1988)  and 
Thomassen  & Teulings  (1985)  who  have  concluded  that  timing 
in  handwriting  is  determined  by  the  biomechanical 
constraints  on  the  muscle  system  involved. 

Despite  various  attempts  to  explore  the  nature  of 
timing  control  mechanisms,  and  despite  the  existence  of  a 
number  of  theories  about  timing,  there  still  seems  to  exist 
great  confusion  as  to  how  timing  is  controlled  and  what  its 
relation  is  to  other  variables  (see  Gentner,  1987;  Schmidt, 
1988b) . In  particular,  the  conflicts  in  timing  studies 
arise  from  the  following  factors.  First,  the  theories  have 
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been  derived  from  experiments  involving  the  use  of  various 
types  of  tasks  or  tasks  with  different  dimensional 
characteristics.  These  theories  address  different 
situations,  and  some  theories  may  fit  some  situations  and 
tasks  better  than  others.  It  is  also  possible  that  the 
tasks  have  confounded  the  experimental  manipulations.  A 
clarification  of  the  confusion  that  has  resulted  from  the 
use  of  different  tasks  is  deemed  necessary,  based  on  which, 
consequently,  more  enlightening  studies  can  be  conducted  and 
misunderstandings  cleared.  Second,  most  of  timing  studies 
have  included  a limited  number  of  experimental  trials  (see 
Adams,  1987;  Newell,  1991).  Seldom  have  researchers 
examined  the  acquisition  of  skills  as  a result  of  prolonged 
practice.  Even  in  those  studies  where  prolonged  practice  is 
used  (e.g.,  Armstrong,  1980;  Carter  & Shapiro,  1984),  no 
attempt  has  been  made  to  examine  the  changes  in  timing 
mechanisms  as  a result  of  practice. 

Since  timing  is  related  to  time,  it  has  shared  one 
common  problem  that  theorists  have  encountered  in  conducting 
research  about  time.  There  is  no  single  measure  that  can 
elegantly  determine  the  capability  to  perceive  time  or  to 
act  by  time  (Fraisse,  1984) . Inevitably,  tasks  that  are 
very  different  in  nature  have  been  employed  to  test  some 
similar  notions  regarding  how  timing  is  controlled  (Gentner, 
1987) . For  example,  some  sequential  tasks  demand  execution 
according  to  an  explicit  pattern  of  intervals  that  is 
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defined  by  the  experimenter  (Armstrong,  1971;  Carter  & 
Shapiro,  1984;  Summers,  1977),  while  others  do  not  impose 
any  criterion  times  on  the  performance  of  such  tasks  as 
typing  (Gentner,  1982;  Shaffer,  1980),  handwriting 
(Hollerbach,  1981;  Viviani  & Terzuolo,  1980),  and  aiming 
movements  (Wood  & Magill,  1991).  In  the  latter  type  of 
tasks,  the  goal  constrains  the  subject  to  perform  rapidly 
and  avoid  making  too  many  errors.  Empirical  evidence  has 
indicated  that  timing  in  tasks  that  are  constrained  to  be 
performed  as  quickly  as  possible  may  be  an  emergent  property 
of  the  output  systems  including  the  physical  characteristics 
of  the  task  as  well  as  the  effectors  involved  (see  Rumelhart 
& Norman,  1982;  Thomassen  & Teulings,  1985).  On  the  other 
hand,  in  tasks  where  time  criteria  are  imposed,  timing 
results  from  a clear  central  representation  (e.g..  Summers, 
Bell,  & Burns,  1990) . 

Additionally,  the  degree  of  equality  of  intertap 
intervals  in  a sequence  can  differentiate  timing  tasks.  For 
example,  Vorberg  and  Hambuch  (1978,  1984)  have  developed  a 
hierarchical  model  of  timing  and  rhythm  that  assumes  that 
higher-level  timers  control  delays  between  major  downbeats 
and  lower-level  timers  control  delays  between  other  notes 
(or  responses) . Empirical  evidence  indicates  that  sequences 
with  unequal  intervals  are  hierarchically  timed  whereas 
sequences  with  equal  intervals  are  timed  linearly  (Vorberg  & 
Hambuch,  1984) . 
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Timing  tasks  can  vary  as  a function  of  the  level  of 
practice  (Keele,  1986;  MacKay,  1982,  1987b).  Practice  leads 
to  qualitative  differences  in  timing  tasks  (Gentner,  1987) . 
It  has  been  observed  that  unpracticed  tasks  are  more  subject 
to  the  influence  of  motor  interactions  and  some  other 
biomechanical  factors  while  highly-practiced  tasks  are  more 
independent  of  such  peripheral  factors  as  mentioned  above 
(see  Summers  & Burns,  1990;  Yamanishi  et  al . , 1980). 

It  is  unfortunate  that  subjects  have  not  been  typically 
administered  extensive  practice  in  investigations  of  the 
acquisition  and  control  of  motor  skills.  According  to  Adams 
(1987) , motor  skills  have  the  following  characteristics: 

(a)  they  represent  a wide  behavioral  domain,  in  that  there 
is  a great  range  in  the  number  and  complexity  of  motor 
behaviors;  (b)  they  are  learned;  (c)  proficiency  can  be 
attained  with  sufficient  practice;  and  (d)  they  are 
essential  to  the  attainment  of  goals.  Skilled  behavior 
"involves  combinations  of  cognitive,  perceptual,  and  motor 
processes  with  different  weights"  (Adams,  1987,  p.  42).  Two 
points  can  be  extrapolated  from  Adams's  definition  of  motor 
skills.  The  first  one  is  that  a thorough  understanding  of 
motor  skills  entails  awareness  of  motor  skills  as  a function 
of  practice.  There  exist  quantitative  as  well  as 
qualitative  differences  between  unpracticed  and  highly- 
practiced  tasks  (Logan,  1988;  Newell,  1991;  Shaw  & Alley, 
1985) . The  second  point  is  that  effective  theories  of  motor 
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skills  should  be  able  to  account  for  a great  variety  of 
motor  skills,  not  merely  a few  special  cases  (see  Claxton, 
1988)  . 

In  general,  a considerable  amount  of  work  supports  the 
notion  that  timing  is  not  a single  parameter  and  that  there 
is  no  single  controlling  mechanism  of  timing.  After 
reanalyzing  the  data  of  many  studies,  Gentner  (1987)  has 
come  to  the  conclusion  that  the  "timing  of  any  particular 
instance  of  motor  performance  is  determined  by  the 
interaction  of  central  and  peripheral  processes  with  the 
task  environment"  (p.  274) . Summers  and  Burns  (1990) , 
having  extensively  reviewed  research  concerned  with  the 
timing  of  movement  sequences,  agree  with  Gentner.  They 
further  suggest  that  the  nature  of  timing  mechanisms  that 
are  activated  is  contingent  upon  such  factors  as  the  type  of 
the  task  to  be  performed  and  the  level  of  skill. 

Timing  mechanisms  may  interact  with  level  of  practice. 
According  to  Logan's  instance  theory  of  automatization 
(1988),  automatization  "reflects  a transition  from 
algorithm-based  to  memory-based  performance"  (p.  439) . 
Although  this  theory  does  not  address  timing  issues,  its 
general  nature  enables  reference  to  timing  mechanisms.  In 
other  words,  when  practice  level  is  low,  subjects  generate 
movements  by  using  certain  specific  procedures  that  are 
unique  to  themselves  and  the  tasks.  As  practice  continues, 
task-specific  procedures  are  acquired  and  stored  in  memory 
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to  the  point  when  performance  can  be  carried  out  by 
retrieving  well-practiced  solutions. 

When  referring  to  the  production  of  sequences  of 
intervals,  Greeno  and  Simon  (1974)  have  proposed  a three- 
process  model:  (a)  extrapolating  the  temporal  structure 

embedded  within  the  sequence,  (b)  storing  and  representing 
in  memory  the  sequence,  and  (c)  using  this  stored  temporal 
pattern  to  generate  the  required  sequence  of  timed 
responses.  It  is  postulated  that  there  are  discrepancies 
between  what  the  subject  perceives  and  what  he/she  produces. 
However,  practice  would  help  to  fine-tune  these  processes. 
Extensive  practice  would  make  the  processes  automatic  — 
effortless  and  efficient. 

A timing  study  involving  the  use  of  an  extensive  task 
practice  paradigm,  as  was  employed  in  the  present  study,  is 
significant  in  several  respects.  First  of  all,  few  studies 
have  been  reported  in  which  motor  skills  have  been  analyzed 
at  advanced  stages  of  proficiency  as  a result  of  controlled 
practice  conditions.  Annett  (1985)  has  recommended  that 
more  research  should  be  conducted  with  prolonged  practice  in 
complex  tasks  to  understand  high-level  performance.  K. 
Newell  (1991)  also  admits  that  "long-term  practice  studies 
are  now  rarely  conducted"  (p.  216)  and  tasks  with  a only 
narrow  range  of  task  constraints  have  been  used. 
Consequently,  according  to  Newell  (1991) , models  and 
theories  of  motor  skills  acquisition  have  the  tendency  "to 
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be  task  and  hence  context  specific"  (p.  215) . Therefore,  he 
calls  for  more  studies  that  examine  motor  performance  in  a 
wider  framework. 

Second,  long-term  practice  paradigms  allow  several 
important  questions  to  be  examined.  What  changes,  if  any, 
will  occur  in  timing  mechanisms  after  prolonged  practice? 

Are  practice  effects  specific  to  response  conditions  (e.g., 
effector  condition,  modality,  and  sequencing)  or  are  they 
general?  How  will  information  processing  theory  and  action 
systems  theory  compare  in  their  ability  to  describe  timing 
with  respect  to  different  types  of  tasks  and  subjects  and  at 
different  levels  of  training? 

Finally,  in  support  for  A.  Newell's  (1990)  urging  for 
unified  theories  of  cognition,  the  present  research  should 
serve  as  a catalyst  for  the  unification  of  the  different 
theories  of  timing.  For  example,  some  compromise  between 
the  information  processing  approach  and  the  action  systems 
approach  has  been  suggested  by  Schmidt  (1988b) . According 
to  Schmidt,  it  is  desirable  that  more  consideration  be  given 
by  the  proponents  of  the  information  processing  approach  to 
situational  factors,  to  the  examination  of  movements  with 
more  complexity,  and  to  the  use  of  dynamical  analyses.  Here 
dynamical  analyses  mainly  refer  to  the  examination  of 
movement  dynamics  in  more  varied  and  natural  situations.  In 
addition,  both  continuities  and  discontinuities  in  movements 
are  treated  with  equal  weight.  On  the  other  hand,  Schmidt 
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suggests  that  action  systems  theorists  develop  more  testable 
models  and  consider  how  goal-directed  behavior  can  be 
represented. 

Statements  of  the  Problem 

The  purposes  of  this  investigation  were  to  determine: 

(1)  whether  central  representations  for  timing  features 
would  be  learned  and  maintained  across  different  types  of 
tasks,  (2)  whether  timing  control  mechanisms  would  vary  as  a 
function  of  extent  of  training  and  type  of  tasks  used,  (3) 
whether  the  amount  of  training  required  to  attain  an 
asymptote  for  timing  performance  would  depend  on  the  type  of 
task,  (4)  whether  the  training  effects  of  prolonged  practice 
would  be  specific  to  response  conditions,  and  (5)  the 
ability  of  the  information  processing  theory  versus  the 
action  systems  theory  to  describe  the  timing  data  generated 
in  this  study.  Hypotheses 

The  following  research  hypotheses  were  tested. 

1.  Hypothesis  1 states  that  the  amount  of  training 
would  affect  timing  mechanisms  (Gentner,  1987;  Summers, 
1986).  Therefore,  in  both  Experiments  1 and  2,  the  amount 
of  training  was  manipulated,  with  some  groups  receiving 
limited  training  and  the  other  groups  receiving  extensive 
training.  The  training  task  in  the  first  experiment 
required  subjects  to  reproduce  a sequence  of  time  intervals 
at  a fixed  rate  as  accurately  as  possible,  while  the 
training  task  in  the  second  experiment  required  subjects  to 
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press  a sequence  of  keys  as  accurately  and  fast  as  possible. 
The  transfer  tasks  in  the  two  experiments  were  similar  to 
their  corresponding  training  tasks.  All  the  tasks  involved 
pressing  six  keys  in  a prescribed  sequence.  The  major 
question  to  be  asked  was:  what  would  be  learned  as  a result 
of  extensive  practice? 

Hypothesis  1 also  states  that  central  representations 
for  timing  features  would  be  learned  at  the  end  of  extensive 
training  in  the  task  that  required  the  reproduction  of  the 
stimulus  temporal  structure,  but  not  in  the  task  where  only 
the  maximum  performance  speed  was  required.  In  the  first 
task,  manipulating  a peripheral  aspect  of  the  movement 
(e.g.,  the  effector  conditions)  was  not  expected  to  change 
the  relative  timing,  but  it  was  expected  to  do  so  in  the 
second  task.  Support  for  this  hypothesis  could  be  found  in 
a study  by  Franks  and  Stanley  (1991),  in  which  it  was 
demonstrated  that  subjects  learned  a tracking  movement  in 
terms  of  its  relative  timing  rather  than  in  terms  of  its 
absolute  timing.  This  hypothesis  is  associated  with  the 
second  hypothesis. 

Related  to  training  effects,  it  was  hypothesized  that 
qualitative  differences  in  terms  of  patterns  of  RMSE  (for 
Experiment  1) , within-subj ect  variability,  mean  proportions 
of  time  for  each  segment,  and  movements  times  (for 
Experiment  2)  for  each  segment  (MTs)  were  expected  to  be 
found  between  the  first  three  trial  blocks  and  the  last 
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three  trial  blocks  in  the  extensive  training  groups  in  the 
two  experiments.  It  was  hypothesized  that  subjects  would 
perform  with  more  accuracy  and  less  variability  in  the  last 
three  trial  blocks  than  in  the  first  three  blocks. 

As  far  as  the  limited  training  groups  were  concerned, 
no  gualitative  differences  were  expected  to  occur  during  the 
training  phase  in  the  first  experiment;  however,  they  were 
expected  to  be  observed  in  the  second  experiment.  It  was 
proposed  that  the  formation  of  the  central  representation  of 
invariant  relative  timing  took  extra  mental  processing 
relative  to  the  tasks  whose  timing  characteristics  were  an 
emergent  property  of  neuromuscular  dynamics. 

Although  substantial  improvement  was  expected  to  occur 
in  the  two  training  tasks  over  trials,  it  was  hypothesized 
that  the  mechanisms  with  which  the  improvement  was 
accomplished  were  different.  The  next  hypothesis  dealt  with 
different  timing  mechanisms  that  could  be  employed  depending 
on  specific  learning  and  performing  situations. 

2 . Humans  presumably  have  access  to  numerous  timing 
mechanisms.  Hypothesis  2 states  that  that  specific 
mechanisms  activated  depended  on  the  type  of  task  and  the 
level  of  skill  of  the  person.  This  hypothesis  would  be 
further  examined  from  several  perspectives. 

First,  it  was  expected  that  patterns  of  relative  timing 
for  a task  to  be  performed  with  one  hand  as  well  as  for  the 
same  task  undertaken  with  both  hands  would  be  similar  in  the 
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extensive  training  groups  at  the  end  of  extensive  training 
in  Experiment  1.  Patterns  of  timing  were  expected  to  be 
different  in  Experiment  2 for  different  hand  conditions. 
These  possibilities  were  accounted  for  by  the  different 
mechanisms  with  which  relative  timing  profiles  were 
achieved.  For  the  training  task  in  Experiment  1,  Greeno  and 
Simon's  (1974)  three-process  model  could  be  used  to  describe 
the  timing  mechanism  that  was  activated.  To  perform  the 
task,  subjects  must  perceive  the  temporal  structure  embedded 
within  the  presentation  of  the  five-segment  stimulus 
sequence.  Then,  they  would  supposedly  store  and  represent 
the  temporal  structure  in  memory.  Finally,  they  could  use 
this  stored  temporal  pattern  to  generate  the  required 
sequence  of  timed  responses.  During  training,  subjects  were 
thought  to  further  modify  their  responses  by  using  knowledge 
of  results  (KR)  after  each  trial  since  KR  contained 
information  about  the  five  segments  and  their  internal 
relationships . 

In  Experiment  2,  however,  subjects  did  not  need  to  code 
relative  timing  specifically.  The  only  requirement  was  to 
press  the  keys  in  a proper  order  as  quickly  as  possible. 

The  only  error  that  could  be  made  was  pressing  a wrong  key. 
In  this  case,  the  relative  timing  was  a natural  consequence 
of  adjusting  to  the  spatial  arrangement  of  the  keyboard  for 
the  purpose  of  improving  speed.  Here  the  relative  timing 
reflected  the  influence  of  such  factors  as  the  physical 
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layout  of  the  apparatus  and  the  effectors  involved  in  making 
the  response.  The  KR,  which  was  the  total  response  time, 
could  only  be  used  for  motivating  improved  performance  speed 
(Poulton,  1973) . 

Second,  in  addition  to  these  manipulations  with  each 
training  task,  a transfer-of-training  design  would  be  used 
to  test  other  timing-related  effects.  This  design  allowed 
the  examination  of  possible  performance  changes  after 
several  task  parameters  were  manipulated.  Inferences  could 
be  made  about  the  underlying  timing  control  mechanisms  with 
respect  to  whether  invariant  temporal  features  would  be 
learned  after  prolonged  training. 

In  Experiment  1,  three  transfer  tasks  would  be  analyzed 
for  this  purpose.  The  task  requirements  were  the  same  as 
the  task  used  during  the  training  phase  except  that  one 
parameter  about  timing  would  be  modified  in  each  transfer 
situation.  The  first  transfer  task  was  performed  with 
stimuli  presented  auditorily  rather  than  visually  with 
everything  else  being  the  same  as  in  the  training  phase. 

The  second  task  required  a different  total  duration  time  but 
retained  the  same  relative  timing  as  in  the  training  task. 

In  other  words,  if  all  the  ratios  (one  time  interval  divided 
by  the  overall  length  of  the  sequence)  are  the  same  in 
separate  movements,  then  they  are  said  to  have  the  same 
relative  timing  (Schmidt,  1988a) . The  third  task  kept  the 
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same  total  duration  as  in  the  training  task,  but  had  a 
different  relative  timing  structure. 

The  prediction  was  that  when  the  same  relative  timing 
was  maintained,  better  transfer  performance  would  be 
observed  than  when  the  relative  timing  was  changed  (e.g., 
Franks  & Stanley,  1991;  Langley  & Zelaznik,  1984;  Schmidt, 
1975,  1980,  1985),  provided  that  training  was  sufficient. 
This  evidence  would  offer  further  justification  of  the 
generalized  motor  program  model.  Additional  support  could 
be  generated  if  interval  durations  of  five  movement  segments 
(six  consecutive  key-pressing  movements  constituting  five 
movement  segments  or  five  time  intervals)  of  the  task  as 
compared  with  the  total  duration  remained  invariant  in 
transferring  to  the  task  in  which  an  auditory  presentation 
replaced  a visual  presentation  and  to  the  task  where  the 
relative  time  remained  the  same.  These  outcomes  were 
hypothesized. 

In  Experiment  2,  two  other  types  of  transfer  tasks  were 
presented  to  the  subjects.  For  the  first  task,  the 
parameter  of  speed  was  modified  (see  Carter  & Shapiro,  1984) 
by  having  subjects  attempt  to  perform  the  sequential 
movements  at  a speed  which  was  about  50%  of  the  maximum 
speed.  In  comparison  to  the  training  task,  the  second 
transfer  task  required  modification  in  direction,  with  all 
other  parameters  remaining  intact.  It  was  expected  that  the 
modification  of  speed  requirements  would  not  alter  the 
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relative  timing  patterns  when  training  was  sufficient. 
However,  changes  in  direction  should  alter  the 
agonist/antagonist  relationship  and  in  turn  should  affect 
the  relative  timing  patterns  (Quinn  & Sherwood,  1983) . 

In  summary,  information  would  be  extrapolated  from  the 
two  experiments  to  examine  the  general  notion  that  timing 
mechanisms  for  sequential  movements  are  complex  in  the  sense 
that  they  vary  with  the  task  demands  (the  constraints  and 
the  ways  in  which  they  are  performed)  and  the  level  of  skill 
of  the  performers.  Many  contributing  variables  might  affect 
the  outcome  of  performance.  It  was  believed  that  they  were 
taken  into  account  before  the  execution  of  those  sequential 
movements,  but  not  all  of  them  were  stressed  or  "programmed" 
at  the  same  level.  Even  the  same  variable,  e.g.,  timing,  is 
probably  not  represented  similarly  in  different  tasks 
(Shaffer,  1982) . 

3.  Hypothesis  3 states  that  subjects  who  received 
extensive  training  in  both  Experiments  1 and  2 would  perform 
significantly  better  as  measured  by  RMSE  and  variability  in 
last  three  trial  blocks  than  in  the  first  trial  blocks  (20 
trials  in  each  block) . Hypothesis  3 also  states  that  it 
would  take  more  time  for  extensive  training  subjects  to 
reach  an  asymptote  during  the  training  phase  in  Experiment  1 
than  in  Experiment  2.  The  rationale  was  that  subjects 
needed  to  process  more  information  in  the  first  experiment 
than  in  the  second  experiment.  In  other  words,  pressing  six 
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keys  to  match  the  five-interval  response  rate  in  a specified 
order  was  certainly  more  demanding  than  merely  pressing 

those  keys  as  quickly  and  accurately  (in  the  same  order)  as 
possible. 

4.  This  hypothesis  was  related  to  whether  training  in 
timing  was  specific  to  hand  conditions.  During  the  training 
phase  in  Experiments  1 and  2,  two  hand  conditions  were 
studied.  One  was  the  two-hand  performance  and  the  other 
single-hand  performance.  However,  only  the  single-hand 
condition  was  used  during  the  transfer  phase. 

As  far  as  the  training  data  for  Experiment  1 were 
concerned,  hypothesis  4 states  that  differences  should  exist 
between  the  single— hand  condition  and  the  between— hand 
condition  as  measured  by  mean  proportions  of  time  and 
patterns  of  RMSE  data  in  the  first  three  trial  blocks. 
Similar  timing  performances  should  be  observed  at  the  end  of 
practice.  These  findings  should  be  in  agreement  with  Klapp 
et  al.  (1985)  who  noted  that  subjects  demonstrated  similar 
performance  when  they  were  required  to  tap  with  one  hand  or 
with  two  hands  in  synchrony  with  tone-  and  light-stimulus 
sequences.  However,  it  was  predicted  that  the  training  data 
for  limited  training  subjects  in  Experiment  1 would  be 
marked  by  differences  between  the  two  effector  conditions 
over  the  entire  training  period  in  timing  characteristics. 
The  rationale  was  that  time  was  too  short  to  overcome  the 
motor  interactions  in  the  between-hand  conditions  that  would 
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not  be  present  in  the  single-hand  condition  (Yamanishi  et 
al.,  1980).  Although  Summers,  Bell,  and  Burns  (1989)  found 
similar  timing  performance  across  three  response  conditions 
(single-hand,  between-hand,  and  within-hand)  when  a limited 
number  of  trials  (a  total  of  72  trials  for  six  two-segment 
sequences)  were  administered,  the  temporal  sequences  used 
were  believed  to  be  too  simple  (containing  only  two  time 
intervals) . 

During  the  training  phase  in  Experiment  2,  different 
timing  performances  as  measured  by  relative  timing  (ratios) 
and  within-subject  variability  should  be  observed  across  the 
two  response  conditions  irrespective  of  the  amount  of 
training  involved.  The  reason  was  that  subjects  in  this 
experiment  were  not  required  to  follow  a certain  external 
temporal  structure.  The  primary  constraint  was  the  speed 
requirement  (assuming  that  the  sequential  order  was  easy  and 
well-practiced) . Different  strategies  and  neuromuscular 
dynamics  should  be  involved  in  a single-hand  condition  as 
compared  with  a two-hand  condition  (see  Saltzman  & Kelso, 
1987)  . 

The  hand-specificity  effects  should  be  very  pronounced 
during  the  transfer  phase  for  both  experiments  when  all 
subjects  were  switched  to  the  single-hand  condition. 
Specifically,  in  Experiment  1,  subjects  who  had  received 
extensive  practice  should  not  be  affected  by  the  hand- 
condition  that  had  been  used  in  the  training.  The  rationale 
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was  that  when  skill  level  had  reached  a high  level, 
perceptual -motor  responses  were  mediated  by  abstract 
"schematic  representations"  that  were  not  specific  to 
response  conditions  (see  Proctor,  Reeve,  & Weeks,  1990) . It 
was  predicted  that,  regardless  of  transfer  tasks,  those 
subjects  who  were  trained  under  two  different  response 
conditions  would  be  similar  in  relative  timing  and  absolute 
timing  accuracy  performance.  However,  when  training  was 
limited,  response  conditions  would  result  in  different 
timing  performances.  In  addition,  those  subjects  who 
performed  under  the  same  hand  condition  during  transfer  as 
during  training  should  perform  better  than  those  who 
switched  from  the  between-hand  condition  to  the  single-hand 
condition.  This  hypothesis  could  be  justified  by  the  view 
that  response  productions  that  developed  with  limited 
practice  were  specific  to  the  effector  conditions. 

In  Experiment  2,  despite  that  different  transfer  tasks 
were  used,  switching  to  the  one-hand  condition  would  lead  to 
different  timing  performance  for  those  subjects  who  had  been 
trained  under  the  between-hand  condition.  Similar 
performance  would  be  found  when  the  response  condition  did 
not  change  during  the  transfer  phase. 

5.  Hypothesis  5 states  that  the  composite  model  would 
better  account  for  the  timing  results.  In  particular,  this 
hypothesis  should  be  understood  in  the  following  way. 
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If  the  information  processing  approach  was  defensible, 
then  the  following  results  should  be  found:  (a)  subjects 

would  perform  more  accurately  and/or  quickly  during  transfer 
when  a variant  parameter  was  altered  than  when  an  invariant 
parameter  was  altered,  regardless  of  the  type  of  tasks  or 
the  amount  of  training  involved;  (b)  invariant  temporal 
features  would  be  found  during  transfer  relative  to  the 
training  trials;  and  (c)  performance  would  not  be  affected 
by  the  different  effector  conditions. 

If  the  action  systems  approach  was  more  valid,  the 
following  results  should  be  observed:  (a)  accuracy 

performance  would  be  equivalent  for  all  subjects  no  matter 
whether  a variant  parameter  or  an  invariant  parameter  was 
involved;  and  (b)  no  invariant  profiles  of  timing 
characteristics  would  be  observed  when  subjects  switched 
hand  conditions  during  transfer,  or  when  any  parameter, 
variant  or  invariant,  was  altered,  regardless  of  whether 
different  types  of  tasks  had  been  used  or  the  amount  of 
training  had  been  manipulated. 

If  results  from  Experiment  1 favored  the  information 
processing  approach  and  results  from  Experiment  2 favored 
the  actions  systems  approach,  it  could  be  tentatively 
concluded  that  a composite  model  would  be  more  appropriate 
in  accounting  for  the  data.  The  reason  that  the  composite 
approach  could  envelope  the  data  from  both  experiments  is 
that  it  has  taken  a more  holistic  view  by  viewing  seemingly 
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conflicting  results  at  different  levels.  Specifically,  the 
information-processing  view  of  timing,  according  to  the 
composite  model,  would  fare  better  than  the  action  systems 
view  of  timing  in  explaining  the  performance  of  tasks  that 
demanded  an  explicit  pattern  of  temporal  relations  and  that 
were  well-practiced.  On  the  other  hand,  the  action  systems 
theory  of  timing  would  better  account  for  the  performance  of 
tasks  that  did  not  require  an  explicit  temporal  structure  to 
be  followed  or  require  rapid  and  maximal  speed  and  that  were 
not  well-practiced.  Another  implication  of  the  composite 
model  was  that  humans  have  a variety  of  ways  that  we  can  use 
to  time  our  movements,  be  it  internal  clocks  or  strategies, 
centrally  represented  or  naturally  emergent. 

Definitions  of  Terms 

The  following  terms  were  defined  for  the  purposes  of 
this  study. 

Dynamics  is  the  simplest  and  most  abstract  description 
of  the  forms  of  motion  produced  by  a system  (Kelso, 

Saltzman,  and  Tuller,  1986) . The  system  here  refers  to  the 
motor  system. 

Generalized  Motor  Program  is  a motor  program  whose 
execution  can  be  varied  depending  on  the  choice  of  certain 
parameters . 

Hierarchical  Learning  is  a theory  that  predicts  that 
low-level  memory  units  promote  the  formation  of  higher-level 
memory  units.  The  theory  can  account  for  the  observation 
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that  transfer  from  one  task  to  another  is  aided  by  the 
presence  of  high-level  memory  units  common  to  both  tasks. 

Invariant  Features  refer  to  aspects  of  movements  that 
appear  to  be  fixed  despite  the  fact  that  other  superficial 
features  may  change.  These  fixed  features  are  postulated  to 
be  part  of  a motor  program  (Schmidt,  1988a) . 

Mechanism  is  defined  as  a real  or  hypothesized 
"location"  or  "structure"  associated  within  the  nervous 
system  in  which  specified  unique  control  processes  and 
functions  occur  (Singer,  1980) . 

Motor  Control  is  a study  that  is  concerned  with  the 
understanding  of  internal  processing  and  control  mechanisms 
related  to  the  demands  of  relatively  simple  laboratory  motor 
tasks,  and  the  capacity  to  perform  them  under  specified 
conditions . 

Motor  Learning  is  a study  that  is  concerned  with  the 
understanding  of  learner  processes  and  learning, 
instructional , and  practice  conditions  that  contribute  to 
achievement  in  movement-oriented  learning  activities 
(Singer,  1990) . 

Motor  Timing  or  (Timing)  specifically  refers  to  phasing 
or  internal  timing  as  differentiated  from  external  timing. 
The  former  means  the  temporal  structuring  of  the  constituent 
response  units  comprising  a response  (Marteniuk  & Mackenzie, 
1980)  or  the  inter-unit  interval  placed  in  sequence 
(Glencross,  1978,  1979).  The  latter  is  defined  as  the 
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temporal  patterning  of  a whole  response  to  an  external  cue, 
or  stimulus. 

Movement  Segment  Movement  Time  (MT)  refers  to  the  time 
interval  from  the  depressing  of  one  key  to  the  depressing  of 
another  key. 

Negative  Transfer  is  the  lessened  capability  of 
performing  a second  task  as  a result  of  practice  or 
experience  with  a primary  (training)  task. 

Parameter  is  a value  that  is  specified  to  the 
generalized  motor  program  that  defines  the  particular 
expression  of  the  pattern  of  activity  (Schmidt,  1988a) . 

Phasing  Characteristics  or  timing  characteristics  here 
refer  to  the  resulting  profiles  of  proportions  of  movement 
times  for  individual  segments. 

Positive  Transfer  is  the  gain  in  capability  to  perform 
a second  task  as  a result  of  practice  or  experience  with  a 
primary  task. 

Proportion  of  Segment  Time  (i.e..  Phasing  or  Relative 
Time)  is  determined  by  dividing  a segment  MT  by  the  total  MT 
for  a particular  trial. 

Response  Time  refers  to  the  duration  of  time  recorded 
from  the  presentation  of  a stimulus  to  the  completion  of  a 
sequence  of  movement  segments. 

Root  Mean  Square  Error  (RMSE)  is  a dependent  measure 
that  is  based  on  taking  small  "slices”  of  time  and  measuring 
the  deviation  of  the  subject's  performance  from  the  target 
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at  each  of  these  times.  To  calculate  the  RMSE,  each  of 
these  deviations  from  the  target  time  are  squared,  the 
squared  deviations  are  added  up,  the  number  of  measures  is 
divided,  and  the  square  root  provides  a measure  of  the 
amount  of  deviation  over  the  course  of  the  trial . The 
equation  to  calculate  RMSE  is:  RMSE  = [2  (s  - r)  2/P]y% 

where  s is  the  stimulus  value  at  time  interval  t,  r is  the 
response  value  at  time  interval  t,  and  p is  the  number  of 
segments  that  the  response  is  sampled  over. 

Timing  Variability  refers  to  the  within-subject 
standard  deviation  of  the  durations  of  a movement  segment. 

It  indicates  the  performance  inconsistency  in  a sequence  of 
temporal  intervals. 

Basic  Assumptions 

The  following  assumptions  were  made  in  conducting  this 
study . 

1.  The  interval  ratios  that  were  prescribed  in  a task 
were  novel  to  the  subjects.  Task  performances  were  not 
influenced  by  previous  musical  or  sport  training.  The 
reason  for  this  assumption  was  that  these  temporal  sequences 
were  composed  in  such  a way  that  no  metrical  patterns  or 
rhythms  could  be  detected  and  used  by  musically-trained  or 
sport-trained  subjects  (see  Summers,  Hawkins,  & Mayer, 

1986) . 

2.  The  subjects  followed  the  testing  instructions 
closely  and  tried  to  complete  each  task  as  required.  It  was 
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assumed  that  the  monetary  prize  of  $ 20.00  or  $ 5.00  that 
had  been  offered  for  the  winner  of  the  drawing  among  the  top 
20%  of  the  subjects  was  perceived  by  all  subjects  as  an 
incentive.  Under  the  influence  of  this  incentive,  more 
effort  had  been  made  to  meet  the  experimental  requirements. 

3 . The  dependent  measures  that  were  used  in  this  study 
(e.g.,  RMSE , SDs,  proportion  of  segment  MTs,  and  segment 
MTs)  were  typical  and  appropriate  measurements  in  studies 
that  examined  timing  in  rhythmic  or  nonrhythmic  sequential 
movements.  It  was  assumed  that  these  variables  generated 
quantitative  information  sufficient  for  examining  the 
proposed  hypotheses. 

4.  The  training  tasks  in  the  separate  experiments 
represented  two  different  categories  of  movement  skill.  One 
involved  reproducing  an  ideal  movement  timing  pattern  while 
the  other  emphasized  the  importance  of  completing  the 
movements  as  accurately  and  rapidly  as  possible.  Similar 
tasks  had  been  used  in  previous  studies,  but  no  study  had 
been  conducted  in  which  both  types  of  tasks  were  included  in 
the  same  investigation.  These  manipulations  were  considered 
to  be  appropriate  as  judged  by  equivalent  developments  in 
other  areas  of  psychological  research  (Sternberg,  1990) . 

5.  In  light  of  the  nature  of  the  training  tasks,  the 
extensive  training  administered  was  sufficient  to  lead  to  an 
moderate  expert  level  or  an  advanced  beginner  level,  so  that 


28 

the  examination  of  the  hypotheses  related  to  the 
manipulation  of  training  level  could  be  justified. 

Significance  of  the  Study 

Theoretically,  the  present  study  have  furthered  the 
understanding  of  the  nature  of  timing.  In  addition,  there 
have  been  also  practical  implications. 

Specifically,  this  study  serves  as  a model  in  which 
methodology  can  bridge  two  research  areas.  According  to 
Singer  (1990) , although  motor  learning  and  motor  control 
research  areas  have  different  research  emphases,  with  the 
former  stressing  changes  in  performance  as  a function  of 
learning  under  different  instructional  or  practice 
conditions  and  the  latter  concerned  with  the  internal 
processing  and  control  mechanisms  underlying  the  performance 
of  various  motor  tasks,  they  share  much  theoretical 
background.  Likewise,  Schmidt  (1988a)  has  argued  that  one 
of  the  challenges  for  motor  control  researchers  is  to 
understand  how  movements  are  learned  through  practice. 
Similar  views  have  been  taken  by  Adams  (1987)  and  Gentner 
(1987).  However,  in  the  past,  these  two  areas  have  tended 
to  go  in  separate  directions.  In  contrast,  the  present 
investigation  has  made  an  attempt  to  examine  the 
underpinning  mechanisms  for  internal  motor  timing  in 
different  training  contexts. 

From  the  theoretical  perspective,  understanding  the 
underlying  mechanisms  of  timing  has  posed  a great  challenge 
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for  researchers  in  several  areas.  The  present  study  helps 
to  clarify  some  confounding  variables  in  timing  studies. 
Numerous  researchers  have  investigated  how  movement  timing 
is  controlled.  Two  drastically  different  theoretical 
accounts  of  timing  mechanisms  have  been  developed.  The 
proponents  of  the  information  processing  approach  argue  that 
internal  timing  is  an  essential  feature  in  any  motor  act. 

It  is  controlled  by  a central  mechanism,  specifically 
through  the  medium  of  a generalized  motor  program.  On  the 
other  hand,  the  action  systems  approach  theorists  maintain 
that  timing  characteristics  are  an  emergent  property  of  the 
dynamics  in  the  neuromuscular  system. 

The  fact  that  these  two  contrasting  theories  exist 
suggests  two  possibilities:  (1)  only  one  of  them  is 

correct,  or  (2)  both  are  correct  to  some  degree.  The  first 
possibility  is  less  likely  to  be  true,  for  there  is  strong 
evidence  that  can  be  used  to  buttress  either  the  information 
processing  approach  (e.g.,  Armstrong,  1970;  Carter  & 

Shapiro;  Shapiro,  1977;  Summers,  1977;  Terzuolo  & Viviani, 
1979)  or  the  action  system  approach  (e.g.,  Haken,  Kelso,  & 
Bunz,  1985;  Kelso  & Scholz,  1985;  Kelso  et  al . , 1981; 
Yamanishi  et  al.,  1980).  For  the  second  possibility  to  be 
true,  certain  conditions  have  to  exist. 

In  the  present  study,  it  was  proposed,  consistent  with 
the  views  of  Gentner  (1987)  and  Summers  and  Burns  (1990), 
that  task  conditions  and  skill  level  have  to  be  considered 
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before  control  mechanisms  can  be  determined.  Humans  possess 
the  ability  to  adjust  to  different  situations  and  to 
demonstrate  a great  level  of  flexibility  in  activating  the 
neuromuscular  systems  for  achieving  goals  (Feldenkrais, 

1985) . These  two  factors  have  not  been  distinguished  in  any 
previous  research  efforts.  By  considering  these  conditions, 
confounding  variables  that  may  have  concealed  the  nature  of 
timing  mechanisms  can  be  eliminated.  Therefore,  examined 
was  the  hypothesis  that  both  theories  could  be  correct  only 
under  a specified  task  condition  and  considering  the  skill 
level  of  the  person.  The  present  study  further  suggests 
that  a compromise  is  possible  between  two  seemingly 
contrasting  theories  so  long  as  a common  ground  can  be 
found. 

Another  potential  theoretical  contribution  in  the 
present  study  is  linked  with  the  understanding  of  the 
mechanisms  involved  in  automaticity  in  performance  of  motor 
skills.  Automaticity  has  been  described  as  performance 
characterized  by  fast  speed,  little  effort,  and  autonomy 
(Logan,  1985,  1988).  Much  still  remains  unknown  about  how 
automaticity  is  achieved.  Since  timing  is  an  inseparable 
part  of  the  execution  of  motor  skills,  more  knowledge  of  how 
timing  control  mechanisms  change  as  a function  of  prolonged 
training  surely  sheds  more  light  on  the  attainment  of 
automaticity . 
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As  far  as  practical  applications  are  concerned,  three 
points  can  be  made.  These  practical  considerations  should 
be  beneficial  to  learners  as  well  as  instructors.  First, 
humans  have  great  flexibility  in  adjusting  to  different  task 
situations  and  we  are  not  confined  to  limited  inherited 
resources  like  other  species.  Therefore,  it  is  important 
for  instructors  to  be  aware  of  the  human  potentials.  When 
learners  experience  difficulty  in  learning  new  movements, 
appropriate  instructions  can  enable  them  to  seek  alternative 
routes  to  the  mastery  of  new  skills. 

Second,  some  tasks  are  more  demanding  than  others. 
Exploration  of  the  role  of  timing  in  specific  skill 
acguisition  circumstances  will  enable  instructors  to  be 
effective.  With  proper  analysis  of  tasks  and  identification 
of  the  constraints  of  tasks  with  respect  to  their  timing 
demands,  learners  and  instructors  will  be  able  to  know  how 
to  master  different  skills.  If  a timing  task  is  mainly 
controlled  with  centrally-represented  structures,  then 
learning  strategies  should  be  different  than  when  learning  a 
task  that  does  not  demand  much  central  representation. 
Furthermore,  some  tasks  may  be  more  susceptible  than  others 
to  the  change  of  effectors  or  other  mechanical  factors. 
Taking  this  and  other  factors  into  consideration  may  prevent 
unwelcome  consequences  in  some  situations. 

Third,  although  there  is  much  truth  in  the  common  sense 
that  practice  will  make  perfect,  it  should  be  further 
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pointed  out  that  little  is  known  about  how  perfection  can  be 
achieved  and  maintained.  The  present  study  suggests  that 
new  mechanisms  can  only  occur  until  a certain  amount  of 
training  is  available.  What  implies  here  is  that  there  is 
no  limit  to  the  human  capability  of  self-improvement  and 
learning  from  other  people  as  long  as  the  person  is 
interested. 

In  conclusion,  the  major  goal  is  to  resolve  some  issues 
surrounding  the  nature  of  timing  mechanisms  in  motor  skill 
performance.  Contrasting  theories  of  timing  should  be  more 
adequately  interpreted  as  to  their  acceptability  to  account 
for  various  task  and  person  considerations. 


CHAPTER  2 


REVIEW  OF  LITERATURE 

The  review  of  literature  in  this  chapter  provides  the 
background  for  the  present  project.  The  first  three 
sections  will  be  devoted  to  the  discussion  of  alternative 
theoretical  views  on  the  mechanisms  of  movement  timing.  In 
the  fourth  section,  various  approaches  to  investigating 
timing  will  be  analyzed  with  implications  for  the  present 
study.  Finally,  the  fifth  section  attempts  to  summarize  the 
review  of  literature.  Included  in  this  section  will  be  a 
discussion  of  those  important  factors  that  have  been  found 
to  influence  the  control  mechanisms. 

The  Information-Processing  Approach 
Motor  Programs 

The  information  processing  model  of  behavior  in  general 
has  turned  out  to  be  one  of  the  significant  contributions  of 
cognitive  psychology  (Mayer,  1981) . Cognitive  psychology  is 
concerned  with  mental  structures  and  how  knowledge  is 
acquired,  retained,  and  used  (see  Marx  & Cronan-Hillix, 

1987) . The  information  processing  model  has  been  used  in 
the  analysis  of  processes  involved  in  such  activities.  This 
model  is  based  on  a computer  analogy.  Like  a computer, 
humans  are  conceptualized  as  possessing  mechanisms  that  can 
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take  in  information,  operate  on  it,  and  generate  appropriate 
output.  The  core  of  this  model  is  its  emphasis  on  the 
internal  representation  of  information  before  responses  are 
produced. 

The  information  processing  approach  to  movement  timing 
control  in  particular  originates  with  Lashley  (1951) , who 
challenged  the  associationistic  view  about  the  chaining  of 
events,  that  the  execution  of  one  triggers  the  next  one 
(James,  1890) . Instead,  Lashley  suggested  that  well- 
practiced  skills  were  organized  as  "chunks"  or  "higher  order 
units"  so  that  either  feedback  or  a motor  command  stimulated 
a chunk,  not  just  an  individual  element.  In  other  words, 
the  elements  within  a chunk  were  executed  altogether, 
without  any  need  to  control  individual  units.  Later,  Keele 
(1968)  developed  this  idea  and  defined  the  concept  of  motor 
program  "as  a set  of  muscle  commands  that  are  structured 
before  a movement  begins,  and  that  allows  the  entire 
sequence  to  be  carried  out  uninfluenced  by  peripheral 
feedback"  (p.  387) . The  development  of  the  motor-program 
concept  stimulated  conceptual  orientations  about  the 
important  role  of  timing  control  in  central  movement 
planning.  A computer  analogy  can  be  that  timing  is  equated 
with  operations  within  the  digital  computer  against  "ticks" 
of  a single  clock  (Kolers  & Brewster,  1985) . 

Due  to  the  failure  of  the  simple  motor  program  concept 
to  account  for  the  observed  tremendous  flexibility  of  motor 
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performance,  a generalized  motor  program  model  was  proposed 
(Schmidt,  1975) . This  generalized  motor  program  is  roughly 
analogous  to  a computer  program.  According  to  Gentner 
(1987),  "just  as  a computer  program  can  produce  different 
outputs  when  it  is  invoked  with  parameter  values,  a 
generalized  motor  program  also  has  variable  parameter 
values,  and  motor  performance  will  vary  depending  on  the 
parameter  value"  (p.  256) . The  assumption  here  is  that  each 
parameter  of  the  program  is  closely  related  to  a specific 
feature  of  motor  behavior.  Therefore,  unigue  movements  are 
generated  by  modifying  those  parameters.  In  light  of  the 
generalized  motor  program  theory,  there  are  both  invariant 
and  variant  parameters.  Common  candidates  for  invariant 
parameters  to  the  generalized  motor  program  are  (a)  relative 
timing  inherent  in  the  seguence,  (b)  sequencing  of  actions, 
and  (c)  relative  force  of  muscle  contractions  (Schmidt, 

1984,  1988a).  The  variant  parameters  for  the  generalized 
program  are  often  proposed  to  be  overall  duration,  physical 
size,  effectors  or  muscles  involved,  and  movement  direction. 
It  has  been  hypothesized  that  modification  of  variant 
parameters  will  not  alter  the  nature  of  sequential 

movements,  i.e.,  no  disruption  will  result  to  the  structure 
of  the  movements. 

Evidence  that  supports  the  role  of  timing  specification 
in  the  generalized  motor  program  basically  comes  from  two 
lines  of  research.  The  first  line  of  research  has  been 
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associated  with  the  search  for  invariant  features  in  motor 
behavior  that  reflect  the  abstract  mental  representation. 
Carter  and  Shapiro  (1984)  trained  subjects  to  perform  a 
series  of  four  wrist  movements  with  a total  duration  of 
about  600  ms.  Then  they  asked  subjects  to  perform  the 
movement  as  fast  as  possible.  They  showed  that  the  overall 
duration  for  the  four  movements  decreased  by  about  100  ms 
for  the  fast  trials  and  the  durations  of  the  individual 
movements  all  decreased  by  the  same  ratio.  The  finding  that 
the  individual  movement  durations  maintained  a constant 
ratio  with  the  overall  duration  was  used  as  evidence  for  a 
generalized  motor  program  with  a multiplicative  rate 
parameter. 

Evidence  for  invariant  temporal  characteristics  has 
also  been  obtained  in  handwriting.  Viviani  and  Terzuolo 
(1980)  asked  a person  to  write  the  letter  "a".  The  sizes  of 
the  strokes  varied.  But  when  the  tangential  velocity 
profiles  were  plotted  from  top  to  bottom  with  the  longest 
duration  at  the  bottom,  Viviani  and  Terzuolo  could  fit 
straight  lines  through  the  reversal  points  (the  points  where 
the  sign  of  the  velocity  changed  from  positive  to  negative, 
or  vice  versa) . The  fact  that  straight  lines  could  be  fit 
to  the  points  means  that  the  ratios  of  successive  stroke 
durations  within  the  letter  were  approximately  constant, 
even  though  the  absolute  durations  of  the  strokes  varied. 
Furthermore,  evidence  has  been  cited  from  studies  of  typing 


37 


(Terzuolo  & Viviani,  1979),  speech  (Tuller,  Kelso,  & Harris, 
1982) , locomotion  (Shapiro,  Zernicke,  Gregor,  & Diestal, 
1981),  arm  movements  (Armstrong,  1970;  Shapiro,  1977)  and 
sequential  finger-tapping  (Summers,  1975) . 

The  second  line  of  evidence  for  the  importance  of 
timing  in  the  motor  programming  processes  has  come  from 
choice  reaction-time  studies.  A basic  assumption  of  the 
motor-program  concept  is  that  the  program  is  set  up  in 
advance  of  movement  onset  and  that  such  organization  takes 
measurable  time.  The  reaction  time  to  begin  movement, 
therefore,  reflects  the  time  to  construct  the  appropriate 
motor  program.  Of  particular  relevance  to  the  present 
discussion  is  the  finding  that  the  organization  of  the 
timing  aspect  is  a critical  determinant  of  initiation  time 
(e.g.,  Heuer,  1984;  Ivry,  1986;  Klapp  & Greim,  1979; 
Rosenbaum,  Inhoff , & Gordon,  1984) . For  example, 
uncertainty  about  the  temporal  structure  of  sequences  of 
finger  movements  increases  initiation  time  to  a far  greater 
extent  than  uncertainty  about  which  fingers  to  use 
(Rosenbaum  et  al.,  1984). 

The  assumption  that  timing  characteristics  are 
centrally  represented  implies  that  the  same  central  motor 
commands  can  govern  the  movements  of  different  muscle 
systems,  e.g.,  the  right  hand,  the  left  hand,  the  right 
foot,  or  the  right  foot  (Raibert,  1977) . A further 
implication  is  that  the  same  mechanisms  will  be  accessed  by 


38 


subjects  to  perform  tasks  that  are  dominantly  perceptual  or 
motoric.  Also,  possibly,  the  perception  of  experimental 
stimuli  that  are  presented  in  different  modalities  (e.g., 
visual,  auditory,  or  tactile)  will  tap  the  same  resources. 
Further  examples  are  presented  in  the  next  section. 

The  Amodalitv  of  Timing 

Those  researchers  who  propose  that  a central  timer  is 
responsible  for  the  timing  of  skilled  movement  sequences 
maintain  that  movement  timing  should  be  amodal . In  other 
words,  it  has  been  suggested  that  not  only  do  different 
effectors  share  a common  timekeeper  but  that  the  same  timing 
mechanism  also  underlies  the  perception  of  time  (Keele, 

1987;  MacKay,  1987a,  1987b). 

One  line  of  research  originates  with  Keele  and  his 
colleagues  (Keele,  1987;  Keele  & Ivry,  1987;  Keele,  Pokorny, 
Corcos,  & Ivry,  1985).  Keele  et  al.  (1985)  asked  subjects 
to  make  regular  tapping  responses  with  the  finger  or  foot. 
Over  subjects,  the  variance  of  interresponse  intervals 
correlated  significantly  between  the  finger  and  foot.  The 
subjects  also  varied  in  their  ability  to  judge  brief 
intervals  between  auditory  events.  The  important  finding 
was  that  those  who  were  good  at  perceptual  timing  were  also 
good  at  motor  timing.  The  correlation  between  tapping  and 
perceptual  judgement  was  about  the  same  as  the  correlation 
between  typing  with  the  finger  and  typing  with  the  foot. 
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A second  line  of  research  evidence  for  the  common 
timing  mechanism  comes  from  the  finding  that  people  have 
difficulty  controlling  rhythmic  responses  made  with  one  hand 
while  an  opposing  rhythm  must  be  performed  or  perceptually 
monitored  (either  visual  monitoring  or  auditory  monitoring) . 
Peters  (1977)  observed  the  difficulty  in  tapping  rhythmic 
patterns  with  the  two  hands  when  the  patterns  are  not 
integral  multiples  of  one  another.  Similarly,  Klapp  (1979) 
noted  the  challenge  in  tapping  one  rhythm  and  orally 
producing  another  incompatible  rhythm.  In  addition,  it  was 
observed  that  tapping  one  rhythmic  sequence  while  listening 
to  a sequence  of  tones  with  another  rhythmic  structure  leads 
to  disruptions  in  ongoing  performance  (Klapp  et  al.,  1985). 

A third  source  of  evidence  comes  from  Rosenbaum's 
laboratory.  Rosenbaum  and  Patashnik  (1980)  studied 
preparation  for  timing  production  or  judgement.  In  the 
production  task,  subjects  pressed  the  left  index  finger  and 
then  the  right  index  finger,  with  a prescribed  delay  between 
the  two  responses.  The  accuracy  of  the  produced  intervals 
relative  to  the  target  was  indicated  by  feedback.  Subjects 
were  very  accurate  in  this  task.  The  mean  intervals  they 
produced  fell  within  a few  milliseconds  of  the  target,  even 
for  targets  exceeding  1 sec. 

To  investigate  preparation,  subjects  were  required  to 
minimize  the  simple  RT  for  the  first  tap  after  an  imperative 
signal.  Simple  RT  decreased  with  the  length  of  the  interval 
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to  be  produced,  and  was  longer  when  a second  response  was 
required  than  when  no  second  response  was  required.  In  the 
time- judgement  task,  the  second  response  was  replaced  with  a 
mechanical  pulse  applied  to  the  right  finger.  The  subject 
was  supposed  to  judge  whether  the  interval  between  the 
finger  tap  and  the  mechanical  pulse  was  greater  or  less  than 
a target  interval . The  target  intervals  used  in  this  task 
were  the  same  as  those  used  in  the  two-response  task.  The 
result  showed  that  simple  RTs  to  initiate  the  finger 
response  in  the  judgement  task  were  similar  to  the  simple 
RTs  in  the  reproduction  task.  Because  the  first  finger 
response  served  to  initiate  a time  delay  in  both  conditions, 
the  fact  that  similar  results  were  obtained  suggests  that 
the  timing  mechanism  was  neither  specifically  motor  nor 
specifically  perceptual. 

Finally,  supportive  evidence  has  been  found  in  studies 
using  stimuli  presented  in  different  modalities.  For 
example,  Allan  and  Kristofferson  (1974)  noted  that  in  some 
tasks  time  perceived  in  the  different  modalities,  such  as 
vision,  hearing  and  touch,  is  referenced  to  a common 
mechanism  or  central  clock.  In  other  words,  when  subjects 
are  tested  for  duration  discrimination  capability,  they  base 
their  decisions  on  the  information  inherent  in  the  stimulus 
irrespective  of  the  mode  in  which  the  stimulus  is  presented. 
To  access  this  information,  it  is  assumed  that  the  same 
mechanism  is  involved. 
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To  sum  up,  the  central  timing  mechanism  model 
basically  contains  a generalized  motor  program  with  a 
multiplicative  rate  parameter  (Summers  & Burns,  1990),  and 
one  or  more  internal  clocks  that  pace  the  production  of 
motor  responses  in  real  time.  Information  in  the  abstract 
program  specifies  the  interface  between  motor  commands  and 
clock  pulses,  whereas  the  rate  parameter  presumably  controls 
the  cycle  time  of  the  underlying  clock  mechanisms. 

Conceptual  and  Empirical  Weaknesses 

While  the  evidence  for  central  timing  control  is 
strong,  there  is  also  research  that  does  not  support  this 
concept.  For  example,  response  variability  is  often  found 
to  increase  as  the  timed  interval  increases  from  about  200 
ms  to  1500  ms  (Michon,  1967;  Wing  & Kristof ferson,  1973). 
This  finding  could  be  used  to  question  the  propriety  of  a 
computer  analogy.  The  notion  of  a central  timer  or  clock  is 
further  challenged  by  the  following  findings  (cf.  Kolers  & 
Brewster,  1985) : (a)  perception  and  production  of  rhythm 

are  not  highly  correlated  (Thackray,  1969) , (b)  time 

perception  is  affected  by  the  informational  complexity  of 
stimuli  (Ornstein,  1969;  Thomas  & Weaver,  1975),  (c)  sensory 

modalities  seem  to  differ  in  their  time-keeping  abilities 
(Fraisse,  1948;  Geldard,  1970),  (d)  different  aspects  of  a 

single  response  seem  to  be  timed  differently  (Todor  & 

Kyprie,  1980;  Vorberg  & Hambuch,  1978;  Wing,  1980),  (e)  the 

correlation  is  low  between  different  components  of  rhythmic 
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performance,  such  as  estimating  duration,  detecting 
succession,  determining  order,  and  establishing  rhythm 
(Poppel,  1978;  Vorberg  & Hambuch,  1978),  and  (f)  different 
limbs  and  even  different  muscle  groups  within  a limb  exhibit 
different  timing  characteristics  in  performing  a task 
(Ibbotson  & Morton,  1981;  Wing,  1981) . Some  of  the 
variation  can  be  attributed  to  the  noise  of  response 
execution,  with  different  limbs  differentially  practiced  at 
executing  rhythms  or  having  different  movement  variability. 
The  uncertainty  and  variability  of  timing  behavior  has 
further  implications  for  models  of  human  cognition  and 
information  processing.  Effective  behavior  reguires  that 
stimulation  from  several  sensory  channels  be  coordinated  and 
made  congruent  informationally  as  well  as  temporally. 

As  just  mentioned,  however,  timing  behavior  varies  with 
sensory  modality:  auditory  intervals  are  often  judged 

longer  than  visual  intervals  of  the  same  physical  duration 
(Goldstone  & Lhamon,  1974;  Walker  & Scott,  1981),  and 
estimates  of  duration  also  differ  for  filled  or  unfilled 
intervals  (see  Allan,  1979,  for  review).  They  differ  also 
between  intraaural  and  interaural  intervals  (Akerboom,  ten 
Hoopen,  Olierook,  & Vander  Schaaf,  1983).  Even  at  the 
neurological  level,  temporal  properties  of  sensory 
modalities  may  differ.  The  standard  deviation  of  the 
latency  of  afferent  impulses  for  auditory  stimuli  has  been 
estimated  to  be  less  than  1 ms  (Divenyi,  1976;  Divenyi  & 
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Danner,  1977;  Kristof ferson,  1977),  but  it  is  about  10  times 
as  large  for  visual  stimuli  (Zacks,  1973) . 

Kolers  and  Brewster  (1985)  have  argued  against  the 
assumption  that  there  is  a central  clock  timer  shared  by 
different  muscle  systems  and  by  motor  and  perceptual 
systems.  Their  findings  indicated  that  the  variability  of 
tapping  performance  was  affected  by  the  modality  (visual, 
auditory,  or  tactile)  used  to  present  sequences  to  subjects. 
They  suggest  that  performances  were  not  based  on  a single 
timing  mechanism,  but  rather  that  a different  timing 
strategy  was  employed  for  the  different  modalities.  New 
support  for  the  Kolers  and  Brewster  1985  study  has  come  from 
Wrisberg  and  Liemohn  (1990)  who  found  that  coincidence 
timing  performance  could  not  be  accounted  for  by  the  single 
timing  mechanism  hypothesis.  Instead,  they  concluded  that 
performance  strategies  vary  with  different  task  situations. 

Recently,  Gentner  (1987)  challenged  the  assumption  that 
relative  timing  is  determined  by  the  program  and  duration  by 
a parameter  of  the  program.  He  completed  a thorough 
reanalysis  of  the  evidence  cited  to  support  the  idea  of  an 
invariance  in  relative  timing  across  changes  in  movement 
speed.  Reanalysis  of  the  data  from  a variety  of  laboratory 
tasks  and  highly  practiced  skills  (e.g.,  locomotion, 
handwriting,  speech,  typewriting)  failed  to  support  the 
assumption  of  relative  timing  invariance.  Rather,  the  data 
indicated  "a  composite  model  of  motor  control  in  which 
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performance  is  determined  by  both  central  and  peripheral 
mechanisms"  (p.  255) . 

Evidence  against  the  view  that  relative  timing  is  one 
of  the  invariant  characteristics  of  a generalized  motor 
program  has  come  also  from  experiments  examining  transfer 
effects.  According  to  motor-program  theory  perfect  transfer 
would  occur  between  motor  patterns  with  the  same  relative 
timing  but  different  overall  durations.  Poor  transfer, 
however,  should  occur  when  a shift  is  required  to  a pattern 
with  a different  timing  and  duration  because  a new  motor 
program  must  be  developed.  Heuer  and  Schmidt  (1988)  tested 
these  predictions  in  two  experiments  in  which  subjects 
practiced  a particular  spatial-temporal  pattern  of  elbow 
flexion  movements.  Following  practice  subjects  transferred 
either  to  a pattern  with  a new  duration  but  identical 
relative  timing  or  to  a pattern  involving  both  a new 
duration  and  relative  timing.  In  both  experiments  there  was 
no  evidence  that  transfer  is  impaired  if  relative  timing  is 
changed.  These  results  argue  strongly  against  the  view  of  a 
generalized  motor  program  with  mandatory  invariant  relative 
timing. 

In  summary,  the  data  presented  in  this  section  tend  to 
support  the  argument  that  timing  control  is  dependent  upon 
the  nature  of  the  tasks.  They  further  suggest  that  timing 
need  not  to  be  specified  independently  in  some  tasks.  In 
fact,  the  action  systems  concept  will  incorporate  these 
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sources  of  evidence  and  make  a strong  rival  theory  against 
the  information  processing  approach. 

The  Action  Systems  Approach 

In  general,  the  action  systems  approach  has  emerged  as 
a rival  theory  of  the  information  processing  approach  (i.e., 
the  motor  system  approach) . The  most  important  difference 
between  the  information  processing  approach  and  the  action 
systems  approach  is  that  the  former  is  associated  with 
exploring  how  motor  acts  are  controlled  via  centrally 
generated  commands  whereas  the  latter  seeks  to  substantiate 
how  organisms  use  perceptually  accessible  information  to 
modulate  their  actions  (see  Gibson,  1979;  Reed,  1982).  The 
action  systems  approach  can  be  classified  into  two  kinds  of 
theories,  a 'Gibsonian'  one  and  a "Neo-Gibsonian ' one  (see 
van  Wieringen,  1988) . The  former  attempts  to  interpret 
motor  action  as  a result  of  information  that  is  perceptually 
derivable  from  the  environment  while  the  latter  relies  on 
"physical  principles  guiding  the  behavior  of  energy 
consuming  open  biological  systems"  (van  Wieringen,  1988,  p. 
87) . However,  both  theories  can  find  roots  in  the  writings 
of  Bernstein  (1967)  and  Gibson  (e.g.,  1979).  To  understand 
how  concepts  about  timing  are  influenced  by  the  action 
systems  theorists,  presented  next  is  background  material 
about  the  action  systems  approaches  as  well  as  major 
concepts . 
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The  Emergence  of  the  Action  Systems  Approach 

It  is  reasonable  to  hypothesize  that  the  action  systems 
approach  gained  acceptance  because  traditional  theories  did 
not  adequately  explain  many  phenomena  in  motor  behavior. 

One  of  these  phenomena  is  the  vast  number  of  muscles  that 
need  to  be  controlled  for  skilled  movements  to  occur. 

Russian  scientist  Nikolai  A.  Bersntein's  work  has 
contributed  to  the  realization  that  the  motor  system  is 
comprised  of  huge  numbers  of  degrees  of  freedom  which  must 
somehow  be  controlled  to  produce  coordinated  and  skilled 
movements.  One  of  Bernstein's  major  concerns  was  how  to 
reduce  the  number  of  degrees  of  freedom  with  minimum 
intelligence.  One  solution  to  the  degrees  of  freedom 
problem,  as  suggested  by  Bernstein  (1967),  was  the  reduction 
of  degrees  of  freedom  through  the  use  of  muscle  linkages 
(synergies  or  coordinative  structures) . A synergy  or 
coordinative  structure  is  "a  group  of  muscles  spanning 
several  different  joints,  and  capable  of  contracting 
independently  of  each  other  ..."  that  "...  can  become 
functionally  linked  so  as  to  behave  as  a single  task- 
specific  unit"  (Turvey,  1990,  p.  940).  One  characteristic 
of  synergies  or  coordinative  structures  is  their  "task- 
specific"  flexibility  (Turvey,  1990) . In  other  words,  they 
can  be  assembled  to  perform  a specific  task  with  little 
voluntary  intervention.  Another  characteristic  is  the 
capability  of  all  internal  degrees  of  freedom  to  readjust 
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immediately  after  an  unexpected  perturbation  so  as  to 
preserve  the  task  goal  (Turvey,  1990) . Supposedly,  this 
also  happens  with  minimum  central  control. 

According  to  the  proponents  of  the  action  systems 
approach,  there  are  other  ways  in  which  the  degrees  of 
freedom  problem  can  be  reduced,  one  of  which  is  the 
exploitation  of  muscle  mechanics  (Bizzi  & Mussa-Ivaldi , 

1989;  Thelen,  Kelso,  & Fogel,  1987).  For  example,  one  of 
these  mechanical  characteristics  is  the  "spring-like” 
character  of  active  muscle  (Rack  & Westbury,  1969;  Turvey, 
1990) . An  example  can  be  found  in  locomotion  studies. 

Close  examination  of  the  swing  phase  (swinging  the  leg 
forward  during  walking)  indicates  that  the  behavior  of  the 
leg  can  be  produced  without  concurrent  muscle  activation. 
Without  detailed  planning,  the  swinging  movements  can  be 
generated  by  taking  advantage  of  the  physical  properties  of 
the  leg  within  the  gravitational  field.  Another  example  is 
the  "mass-spring"  model  (e.g.,  Feldman,  1966;  Feldman  & 
Fukson,  1986;  Polit  & Bizzi,  1978).  Ballistic  limb 
movements  can  be  achieved  by  setting  the  muscle  linkage  to 
behave  like  a spring.  The  so-called  "eguilibrium  point"  is 
the  intended  limb  position  where  the  torques  are  equal  and 
opposite.  To  set  the  spring,  one  needs  only  to  know  the 
final  position  without  worrying  about  the  initial  position. 
The  limb  is  supposed  to  go  to  the  defined  position  as  a 
result  of  its  mechanical  properties.  By  varying  the  damping 
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and  stiffness,  movement  patterns  can  be  repetitive  or 
discrete . 

Strong  evidence  for  the  "mass-spring"  model  can  be 
found  in  an  experiment  by  Polit  and  Bizzi  (1978) . They 
investigated  monkeys'  pointing  responses  to  target  lights. 

On  any  given  trial,  one  of  the  lights  was  turned  on  and  the 
monkey  was  supposed  to  point  to  it.  If  the  monkey  held  its 
arm  there  for  1 sec,  it  received  a sip  of  juice.  It 
received  no  visual  feedback  about  the  position  of  its  arm 
relative  to  the  light.  The  position  of  the  arm  was  recorded 
with  a splint  attached  to  a vertical  axle.  The  axle  rotated 
when  the  monkey's  arm  moved,  and  the  angular  position  of  the 
axle  was  recorded.  The  axle  could  also  be  turned  with  a 
motor.  When  the  motor  came  on,  it  caused  the  monkey's  arm 
to  be  displaced.  The  motor  was  turned  on  unpredictably  from 
trial  to  trial  but  usually  came  on  after  the  target  light 
was  illuminated  before  the  monkey  moved  its  arm.  The 
results  indicated  that  pointing  accuracy  was  high  when 
perturbation  occurred.  Apparently,  the  monkey  felt  its  arms 
being  displaced  and  made  appropriate  readjustments. 

Polit  and  Bizzi  (1978)  were  also  interested  in  knowing 
what  would  happen  when  normal  proprioceptive  feedback  was 
deprived  of  the  monkey.  After  the  initial  phase  of  the 
experiment,  the  dorsal  roots  of  the  monkey's  spinal  cord  was 
severed.  When  the  dorsal  roots  were  cut,  the  monkeys  could 
no  longer  feel  anything  below  the  neck.  It  was  expected 
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that  the  monkeys  were  unable  to  point  to  the  target  lights. 
However,  they  did  achieve  equivalent  accuracy  even  after  the 
perturbation  was  introduced. 

The  degrees  of  freedom  problem  served  as  a starting 
point  for  the  action  systems  approach.  Convinced  that  the 
degrees  of  freedom  problem  as  formulated  by  Bernstein  was 
one  of  the  major  problems  that  should  be  satisfactorily 
addressed  by  any  theory  of  motor  action,  Turvey  (1977,  1990) 
attempted  to  develop  a single  framework  or  paradigm  to 
explain  motor  actions  more  effectively  than  the  information 
processing  approach.  By  assimilating  the  ideas  of  Gibson 
(1966,  1979)  on  the  intimate  relationship  between  perception 
and  action,  Turvey  (1977)  launched  the  so-called 
'ecological'  approach  to  action  (also  called  action  systems 
approach) . Later,  he  was  joined  by  many  other  researchers 
such  as  Carello,  Kugler,  and  Fowler.  Gradually,  the 
information  processing  approach  was  challenged  by  the 
research  and  theoretical  developments  from  the  'camp'  of  the 
action  theorists.  The  action  systems  approach  can  be 
identified  by  the  following  characteristics  that  are 
drastically  distinct  from  the  information  processing 
approach . 

First,  the  action  systems  approach  is  heavily  based  on 
Gibson's  theory  of  direct  perception  (Gibson,  1966,  1979). 
Rejected  is  the  notion  of  any  internal  representations  or 
other  mediating  mental  constructs  between  the  environment 
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and  the  agent  of  actions.  It  is  assumed  that  ecological 
information  is  always  accessible,  specific  to  its  source  qua 
affordance  (see  Beek  & Meijer,  1988) . 

Second,  unlike  the  information  processing  approach,  in 
which  control  and  coordination  of  movements  are  realized  by 
prescriptions/instructions/commands  from  a priori  code  or 
algorithm  (Miller  et  al.,  1960),  the  action  systems 
theorists  hold  that  control  is  localized  in  the  organism- 
environment  system  as  a whole.  Organism  and  environment 
constrain  each  other. 

Third,  in  accordance  with  the  action  systems  account, 
perception  and  action  are  closely  integrated  (Warren,  1988) . 
Perceptual  information  is  constrained  within  the  organism- 
environment  synergy  and  can  not  be  considered  apart  from  the 
potential  to  act.  What  we  perceive  depends  on  the  kind  of 
act  we  are  engaged  in,  as  well  as  our  ability  to  perform 
that  act  (Warren,  1984) . Vice  versa,  how  we  act  depends  on 
what  we  perceive.  Finally,  presumably  the  action  systems 
have  a vast  number  of  functions,  because  "they  adjust  the 
activities  of  an  organism  with  respect  to  the  meaningful 
properties  of  the  environment"  (Reed,  1982,  p.  112). 

This  brief  discussion  explains  how  the  action  systems 
theorists  analyze  motor  behavior.  Timing  is  such  an 
important  variable  and  it  can  not  be  ignored  if  full 
understanding  is  to  be  gained  about  motor  actions. 
Consequently,  attempts  have  been  made  by  the  action  systems 
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experts  to  explain  rhythmic  movements,  including  timing 
mechanisms.  The  next  section  covers  concepts  or  constructs 
that  have  been  proposed  in  related  pursuits. 

Nonlinear,  Limit-cycle  Oscillators  and  Timing 

The  major  argument  of  proponents  of  the  action  systems 
approach  is  that  timing  information  per  se  is  not  centrally 
represented.  Rather,  it  is  an  emergent  property  of  the 
dynamics  of  the  neuromuscular  system. 

So  far  as  timing  is  concerned,  the  action  systems 
approach  has  led  to  much  elegant  modelling  and  many 
descriptive  studies  on  the  cyclic  repetitive  movements,  such 
as  locomotion  and  bimanual  acts  (e.g.,  Kelso  et.  al . , 1981; 
Kelso  & Kay,  1987;  Saltzman  & Kelso,  1987).  In  one  study, 
Kelso  and  Kay  (1987)  investigated  human  limb  control  by 
requiring  subjects  to  move  a manipulandum  in  time  to  a 
metronome  using  a wrist  motion  in  a horizontal  plane.  A 
strong  inverse  relationship  was  revealed  between  the 
subjects'  cycling  frequency  and  movement  amplitude.  They 
accounted  for  their  data  by  using  a nonlinear  model  which 
does  not  have  explicit  timing  control.  The  model  indicates 
that  the  hypothetical  mass  (the  hand)  will  oscillate 
continuously,  maintaining  its  amplitude  and  frequency, 
simply  by  adjusting  the  ways  that  the  mathematical  terms  are 
organized.  The  investigators  suggest  that  the  timing  of 
such  movements  result  from  underlying  oscillatory  processes. 

Coordinative  structures  are  hypothesized  to  serve  as 


52 


nonlinear,  limit-cycle  oscillators  (Kelso  et  al.,  1981). 
Nonlinear  oscillators  possess  a number  of  properties  that 
form  the  basis  for  their  model  of  motor  timing.  In 
particular,  limit-cycle  oscillators  always  exhibit 
interaction  or  entrainment.  One  form  of  interaction  is 
mutual  entrainment  that  occurs  when  coupled  oscillators  with 
slightly  different  freguencies  become  synchronized  at  an 
intermediate  freguency.  Another  form  is  subharmonic 
entrainment  that  results  when  one  oscillator  adopts  a 
frequency  that  is  an  integer  multiple  of  another  to  which  it 
is  coupled. 

Evidence  for  entrainment- like  phenomena  in  voluntary 
human  actions  has  come  from  studies  of  cyclic  finger  or  hand 
movements.  Kelso  et  al.  (1981)  asked  subjects  to  move  the 
index  fingers  of  one  or  both  hands  in  a cyclic  (flexion- 
extension)  manner.  The  preferred  freguency  of  each  limb  in 
isolation  was  first  determined  and  then  possible 
interactions  between  the  limbs  when  they  performed  together 
were  examined.  When  the  two  hands  moved  together  mutual 
entrainment  effects  were  observed.  In  right-handed  subjects 
the  left  hand  was  "attracted"  to  the  right  hand. 

Subharmonic  entrainment  was  also  observed  when  subjects  were 
asked  to  move  one  finger  at  a preferred  freguency  and  to 
move  the  other  finger  at  a different  frequency.  In  nearly 
all  cases,  subjects  employed  low  integer  harmonics  such  as  2 


to  1 and  3 to  1 . 
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Yamanishi  et  al.  (1980)  have  also  obtained  results 
consistent  with  the  view  that  bimanual  coordination  in 
finger  tapping  is  controlled  through  coupled  oscillatory 
neural  networks,  one  for  each  finger.  They  asked  subjects 
to  maintain  various  phase  differences  between  the  two  hands. 
For  musically  trained  and  untrained  subjects,  accurate  and 
stable  performance  was  obtained  when  the  two  hands  tapped  in 
synchrony  (in-phase)  or  alternated  (180  degrees  out  of 
phase) . Furthermore,  intermediate  phase  differences  between 
the  two  hands  produced  unstable  performance  and  a tendency 
to  entrain  to  the  nearest  stable  phase  (synchrony  or 
alteration) . The  authors  concluded  that  in-phase  motion  and 
antiphase  motion  were  stable  modes  of  coupling  the  hands. 
Recent  work,  however,  suggests  that  the  in-phase  relation  is 
observed  at  a critical  driving  frequency  (Kelso,  1981, 

1984)  . 

In  general,  the  action  systems  approach  argues  that  the 
control  and  coordination  of  movements  depends  on  the  task- 
specific  ensembles  of  coordinative  structures,  and  the 
control  and  coordination  processes  demand  no  a priori 
specification.  This  raises  the  question:  How  can  we 

achieve  the  flexibility  needed  in  many  motor  actions?  The 
answer  can  be  found  in  the  notion  of  "direct  perception" , to 
be  introduced  in  the  following  section. 
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Perception.  Action,  and  Timing 

While  the  action  systems  theorists  describe 
coordinative  structures  as  the  basic  units  of  control  and 
coordination  of  actions,  they  also  argue  that  the 
implementation  of  the  ensembles  of  coordinative  structures 
is  an  emergent  property  of  the  dynamical  structure  of  the 
motor  system.  Flexibility  in  behavior  is  achieved  by 
adjusting  control  parameters  over  the  entire  unit  (Kelso  & 
Scholz,  1985).  It  is  further  assumed  that  the  setting  of 
parameters  is  specified  directly  via  perception. 

Perception  and  action  have  been  treated  as  entirely 
separate  processes  (see  Schmidt,  1988b) . The  action  systems 
theorists  believe  that  perception  and  action  are  inseparable 
in  that  what  we  perceive  depends  on  our  actions  and  the 
actions  we  make  depend  on  our  perceptions.  It  is  further 
argued  by  the  action  systems  theorists  that  the  mutual 
interaction  between  perception  and  action  causes  movements 
(see  Reed,  1982) . To  determine  how  perception  helps  to 
specify  action  parameters,  action  systems  theorists  have 
developed  Gibson's  (1966,  1979)  notion  of  the  optical  flow 
field. 

Lee  (1976)  has  proposed  that  optic  flow  information  can 
be  used  for  the  regulation  of  action.  In  tasks  in  which  the 
timing  of  actions  is  determined  by  how  the  organism  is 
moving  relative  to  the  environment  (e.g.,  locomotion),  or 
how  an  object  is  moving  relative  to  the  organism  (e.g., 
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hitting  or  catching  a ball) , the  flow  of  optical  texture  in 
the  visual  field  provides  time-to-contact  information.  For 
example,  the  time-to-contact  (called  the  tau-margin)  of  a 
ball  on  a collision  course  with  an  organism's  eye  is  the 
inverse  of  the  rate  of  dilation  of  the  image  of  the  ball  on 
the  retina  (Lee  & Young,  1986) . Lee  and  others  have 
successfully  applied  the  notion  of  the  tau-margin  to  a 
variety  of  sport  skills  (e.g.,  ski  jumping,  long  jumping) 
and  everyday  activities  (e.g.,  driving,  crossing  the  road, 
stair  climbing)  (see  Lee  & Young,  1986,  for  a review).  The 
importance  of  the  concept  to  the  action  systems  approach  is 
that  time-to-contact  is  a directly  available,  nonderived 
property  of  the  visual  input  itself  (Kelso  & Kay,  1987) . 

It  can  be  seen  that  the  action  systems  approach  is 
dramatically  different  from  the  information  processing 
approach.  Proponents  of  the  former  approach  do  not  believe 
that  movements  are  controlled  by  centrally  represented  motor 
commands.  Instead,  movements  evolve  from  the  dynamics  of 
the  neuromuscular  system  (see  Reed,  1982).  An  extension  of 
this  thought  is  that  timing  is  a natural  consequence  of  the 
dynamics  in  the  output  system.  However,  there  is  not  enough 
evidence  to  conclude  which  theory  is  more  important  and 
effici^nt  in  understanding  the  mechanisms  of  timing  control. 
In  addition,  the  action  systems  approach  can  also  be 
challenged  in  the  following  ways. 
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Conceptual  and  Empirical  Weaknesses 

Despite  the  economy  and  elegant  mathematical  modeling, 
the  action  systems  theory  of  motor  control  as  well  as  timing 
control  has  not  been  convincing  to  many  researchers.  It  has 
been  criticized  as  being  too  extreme  in  that  it  absolutely 
denies  any  central  representation  for  movements  (Schmidt, 
1988b) . Earlier,  Craske  and  Craske  (1986)  pointed  out  that 
the  action  systems  theory  could  not  account  for 
goal-directed  behavior.  They  proposed  that  a motor 
controller  must  be  present  so  that  it  can  process  sensory 
input  and  translate  intention  into  action  "by  starting, 
stopping,  and  modifying  parameters  of  an  oscillator 
mechanism  to  which  it  has  access"  (Craske  and  Craske,  1986, 
p.  122) . Similarly,  it  has  been  suggested  that  the 
existence  of  dynamics  can  be  "exploited"  by  the  motor 
commands  in  movement  control  (Hinton,  1984;  Schmidt,  1988b). 

In  addition,  it  has  been  argued  that  the  models 
proposed  by  the  action  systems  theorists,  such  as  recent 
work  on  limb  and  speech  control  (e.g.,  Kelso,  Holt,  Kugler, 

& Turvey,  1980;  Saltzman  & Kelso,  1987)  are  not  easily 
testable.  Furthermore,  it  appears  that  the  evidence  for  the 
proposed  mechanisms  are  relatively  equivocal  as  compared 

with  the  models  proposed  by  the  motor  systems  theorists  (see 
Schmidt,  1988b) . 

The  fact  that  two  totally  different  views  exist  about 
the  same  phenomena  without  compromise  does  not  suggest  that 
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solutions  can  be  found  very  soon.  However,  it  may  be  more 
fruitful  for  researchers  from  each  perspective  to  complement 
each  other,  to  try  to  incorporate  the  strengths  of  each 
other's  models.  There  has  been  some  trend  in  this 
direction. 

A Composite  Approach 

Recently,  an  approach  in-between  the  two  models,  or 
what  might  be  considered  a composite  approach,  has  been 
proposed  (Gentner,  1987;  Summers  & Burns,  1990).  It  is 
suggested  that  timing  behavior  can  not  be  controlled  by  a 
single  mechanism.  Both  central  and  peripheral  factors 
presumably  contribute  to  the  timing  of  movements. 
Furthermore,  the  proponents  of  this  concept  argue  that  there 
are  many  sources  of  information  and  processes  to  use  in 
timing  movements.  Therefore,  the  specific  mechanisms  will 
be  determined  by  such  factors  as  the  nature  of  the  task  to 
be  performed  and  the  stage  of  learning  (achievement)  of  the 
person. 

On  the  other  hand,  the  appearance  of  the  action  systems 
approach  has  brought  about  new  insights  into  perception 
research  (van  Wieringen,  1988) . It  appears  that  progress 
will  be  made  if  some  common  ground  can  be  provided  for  the 
two  approaches  to  complement  each  other.  There  are  some 
possible  ways  in  which  the  two  approaches  can  contribute  to 
opening  a new  horizon  in  timing  research. 
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It  has  been  suggested  that  the  two  approaches  operate 
at  different  levels  of  analysis  (e.g.,  Hinton,  1984; 

Schmidt,  1988b;  Ullman,  1980;  van  Wieringen,  1988).  The 
action  view  deals  mainly  with  the  relationships  between  the 
organism  and  the  environment,  while  the  motor  view  is 
concerned  with  motor  control  mechanisms. 

The  composite  model  can  also  be  considered  as  a organic 
integration  of  both  the  action  systems  approach  and  the 
information  processing  approach  but  at  a higher  level.  In 
other  words,  this  model  combines  the  strengths  of  the  action 
systems  and  the  information  processing  approaches.  Several 
authors  have  suggested  that  the  controversy  between  the 
approaches  can  be  further  clarified  if  the  'domain'  — task 
and  context  selection  — is  taken  into  account  (e.g., 
Epstein,  1986;  Shepard,  1984;  van  Wieringen,  1988).  Harvey 
is  one  of  several  theorists  who  believe  that  the  'domain' 
has  confounded  the  difference  between  the  two  approaches. 

He  has  argued  that: 

Not  surprisingly,  the  program  (the  Gibsonian 
programme)  has  had  notable  successes  in  accounting 
for  phenomena  over  which  subjects  have  little 
conscious  control  and  in  which  the  interval 
between  the  eliciting  stimulus  array  and  the 
resulting  act  is  negligible  (e.g.,  visually- 
induced  body-sway  following  mural  movement  over  a 
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stable  floor) . Of  course,  such  phenomena  can  be 
explained  with  frameworks  that  allow  internal 
representations.  Furthermore,  it  is  not  yet  clear 
whether  adherents  to  the  Gibsonian  programme  can 
explain  mnestic  influences  on  action  (e.g.,  the 
effects  of  a poor  memory  for  an  outcome/pay-off 
matrix) . They  may  also  have  difficulty  in  accounting 
for  performance  in  artistic  and  polemical  skills,  where 
the  goal  is  not  to  relate  to  the  environment  in  a 
particular  way  but,  via  the  environment  to  affect 
perceptions  of  an  audience  in  a particular  way. 

(Harvey,  1985,  p.  1591) . 

Harvey  has  echoed  the  concern  of  Schmidt  (1988b) , who 
has  raised  the  point  that  the  movements  that  are  chosen  in 
attempts  made  by  action  systems  theorists  to  model  limb  and 
speech  control  are  usually  oscillatory  in  nature.  They 
"seem  most  suited  to  the  non-linear  limit-cycle  dynamics 
that  have  been  used  to  describe  them"  (Schmidt,  1988b,  p. 

18) . However,  the  motor  systems  approach  with  its  internal 
mental  constructs  can  also  explain  this  data  nicely  as  well 
as  many  other  sets  of  data. 

The  composite  model  is  newly  developed  and  there  is  not 
enough  data  to  buttress  this  approach.  It  is  expected  that 
the  study  completed  here  will  help  to  ascertain  the  adequacy 
of  this  model. 


60 


One  of  the  most  important  assumptions  of  the  composite 
model  of  timing  control  is  that  there  are  various  mechanisms 
that  may  be  activated  under  different  circumstances,  may  it 
be  change  of  situation  constraints  or  task  demands.  Great 
flexibility  in  movements  can  be  achieved  with  prolonged 
practice  with  any  task.  Therefore,  it  is  too  simplistic  to 
reject  one  theory  and  accept  another  when  both  of  them 
contribute  to  the  understanding  of  motor  actions  from 
different  perspectives.  Perhaps  one  model  can  account  for 
some  situations  better  than  the  others.  In  fact,  there  are 
empirical  tests  that  have  indicated  the  presence  of 
different  mechanisms  underlying  the  performance  of  different 
tasks,  or  of  tasks  with  different  dimensions. 

Various  Procedural  Approaches  to  Studying  Timing 

Recently,  some  researchers  have  cautioned  that 
different  mechanisms  may  underlie  some  tasks  or  tasks  with 
different  dimensions  and  not  others  (Keele,  1986;  Schmidt  & 
Young,  1987;  Summers  & Burns,  1990).  However,  no  attempt 
has  been  made  so  far  to  clarify  the  confusion  in  theories 
that  might  have  resulted  from  the  use  of  various  tasks  or 
tasks  with  differing  characteristics  and  demands  without 
providing  corresponding  theoretical  consequences.  Such  an 
effort  might  contribute  to  the  understanding  of  timing  in 
several  respects:  (a)  establishing  better  guidance  for 

conducting  research  and  interpreting  research  results,  (b) 
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standardizing  procedures  for  timing  studies,  and  (c) 
generalizing  results  to  new  situations  and  new  problems. 

The  tasks  that  have  been  used  in  timing  studies  vary  in  the 
following  dimensions:  (a)  speed  (maximum  or  submaximum)  and 

tempo  (self-selected  or  externally-imposed) , or  (b)  types  of 
time  intervals  imposed  in  temporal  sequences. 

Speed 

Tasks  can  vary  along  the  continuum  in  speed  of 
movements  required  from  very  slow,  submaximum-  to  maximum- 
speed  movements.  Studies  that  have  included  either  slow  or 
rapid  movements  have  generated  different  results  with 
respect  to  timing  control  mechanisms.  Rapidly-executed 
tasks  that  have  been  examined  include  laboratory  tasks  such 
as  rapid  aiming  movements  (see  Zelaznik,  Schmidt,  & Gielen, 
1986)  and  highly  practiced  natural  movement  skills  which 
included  speech  (e.g.,  Kozhevnikov  & Chistovich,  1965; 

Tuller  et  al . , 1982),  handwriting  (e.g.,  Hollerbach,  1981; 
Viviani  & Terzuolo,  1980),  and  typing  (e.g.,  Gentner,  1982; 
Sternberg  et  al.,  1983). 

All  these  tasks  are  characterized  by  being  constrained 
to  accomplish  the  task  goal  as  rapidly  and/or  accurately  as 
possible.  Therefore,  it  has  been  suggested  that  in  these 
types  of  tasks  timing  may  be  a natural  consequence  of  well- 
tuned,  smoothly  operating  output  systems  (Thomassen  & 
Teulings,  1985).  Zelaznik  et  al.  (1986)  and  Gielen  et  al . 
(1985)  did  not  find  relative  timing  preserved  in  simple 
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rapid  arm  movements,  which  is  usually  taken  as  evidence  for 
central  representation.  Further  evidence  has  been  generated 
by  Wood  and  Magill  (1991)  whose  data  suggest  that  movement 
timing  may  be  a result  of  constraints  based  on  temporal- 
spatial  properties  of  movement,  although  their  results  may 
be  tempered  by  the  small  number  of  training  trials  (150) . 

However,  in  other  tasks,  subjects  are  asked  to 
reproduce  or  match  an  imposed  rate  of  motor  responses. 
Typical  responses  are  key  pressing  or  foot  tapping 
movements.  For  example,  in  music  performance  where  the 
maintenance  of  precise  timing  between  movements  is  an 
explicit  part  of  the  activity,  performance  seems  to  be  under 
the  control  of  some  central  mechanisms  (Shaffer,  1985) . 
Furthermore,  it  has  been  noted  that  skilled  typists  can  vary 
their  overall  typing  rate  at  will  (Gentner,  1987) . Summers 
and  Burns  (1990)  have  agreed  with  this  observation  and 
suggest  that  when  typists  type  at  their  slowest  rate,  typing 
seems  to  be  paced  by  a central  time-keeper,  with  peripheral 
constraints  becoming  more  important  as  speed  is  increased. 
Equality  of  Intertap  Intervals  in  a Sequence 

In  some  timing  studies,  subjects  have  tapped  a sequence 
of  temporal  intervals  at  a rate  specified  by  a metronome 
(e.g..  Wing,  1980;  Wing  & Kristof ferson,  1973).  One 
characteristic  of  this  type  of  timing  task  is  imposed  equal 
intervals  between  movements.  In  other  studies,  unequal 
intervals  have  been  used  in  temporal  sequences  (e.g.,  Povel, 
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1981;  Summers,  1977).  It  seems  that  Wing  and 
Kristofferson's  model  (1973)  can  explain  the  data  obtained 
with  sequences  of  equal  intervals  (Keele,  1986;  Rosenbaum, 
1990) , for  their  timing  model  is  linear. 

In  other  words,  to  increase  the  time  between  responses, 
one  increases  timekeeper  delays,  differences  between  motor 
delays,  or  both.  An  additive  increase  in  either  variable 
yields  an  additive  increase  in  the  interresponse  interval. 
According  to  Rosenbaum  (1990),  the  linear  timing  model, 
which  has  no  higher-level  units  controlling  groups  of 
responses,  is  limited  in  that  in  rhythmic  performance  the 
delay  between  the  first  note  in  one  measure  and  the  first 
note  in  the  next  measure  might  be  as  variable  as  the  sum  of 
delays  between  the  successive  notes  within  a measure. 

Vorberg  and  Hambuch  (1978,  1984)  have  developed  a model 
of  timing  and  rhythm  that  takes  into  account  the  problems 
associated  the  linear  model.  Their  new  model  assumes  that 
higher-level  timers  control  delays  between  major  downbeats 
and  the  lower-level  timers  control  delays  between  other 
notes  (or  responses) . Hierarchical  is  the  key  feature  of 
this  model.  Vorberg  and  Hambuch  (1984)  tested  their  model 
using  the  following  logic.  If  the  downbeat  of  each  measure 
is  timed  relative  to  the  immediately  preceding  response,  the 
variance  of  the  delay  between  successive  downbeats  should 
equal  the  sum  of  the  variances  of  the  delays  between  the 
notes  lying  between  the  downbeats.  However,  if  downbeats 
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are  timed  only  with  respect  to  other  downbeats,  as 
exemplified  in  Vorberg  and  Hambuch's  model,  the  variance  of 
the  delay  between  downbeats  should  be  smaller  than  the  sums 
of  the  variances  of  the  notes  between  the  downbeats.  In 
fact,  Vorberg  and  Hambuch  (1984)  found  support  for  their 
model  in  sequences  with  unequal  intervals.  They  also  found 
that  sequences  with  equal  intervals  appear  to  be  timed 
linearly. 

In  addition,  the  level  of  task  achievement  (newly 
acquired  or  highly-skilled)  has  been  of  interest.  The  next 
section  shows  that  it  is  necessary  to  examine  the 
relationship  between  the  amount  of  training  in  a task  as 
well  as  the  way  control  mechanisms  function. 

Level  of  Skill  Acquisition 

Novel  tasks  as  well  as  highly-practiced  tasks  have  been 
used  in  timing  studies.  For  example,  Kelso,  Southard,  and 
Goodman  (1979)  used  a novel  task  in  investigating  the 
ability  of  subjects  to  make  two-handed  movements  to  separate 
targets  that  differed  in  size  and  in  distance  from  the 
resting  position.  It  was  observed  that  the  hands  appeared 
to  move  in  synchrony,  so  that  they  arrived  at  their 
respective  targets  at  the  same  time.  Thus,  even  though  the 
spatial  demands  for  two  limbs  were  quite  different,  the 
timing  relations  between  the  two  limbs  remained  constant. 
Likewise,  Klapp  (1979,  1981)  used  novel  timing  tasks  in  his 
studies  that  examined  temporal  compatibility  effects.  His 
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data  indicate  that  subjects  have  a similar  tendency  toward 
simple  timing  relations  in  the  coordination  of  the  two 
hands.  In  particular,  they  can  easily  produce  two 
isochronous  sequences  in  parallel,  one  with  each  hand,  when 
the  sequences  have  identical  or  harmonically  related  time 
intervals. 

In  other  studies,  well-practiced  tasks  have  been  of 
interest.  Lashley  (1951)  observed  that  expert  pianists 
produced  without  interference  a 3/4  rhythm  with  one  hand  and 
a 4/4  rhythm  with  the  other.  His  study  is  a good 
demonstration  that  temporal  incompatibility  can  be 
eliminated  or  greatly  reduced.  It  is  as  if  practice  enables 
each  hand  to  become  controlled  by  its  own  internal  clock,  or 
by  independent  pulses  from  a single  internal  clock  with  a 
very  rapid  pulse  rate,  so  that  one  pulse  triggers  the 
program  for  one  hand,  and  the  next  consecutive  pulse 
triggers  the  program  for  the  other.  In  another  study, 
Shaffer  (1980)  noted  that  concert  pianists  could  shift  one 
hand  off  the  beat  maintained  by  the  other.  Using  rhythmic 
movements,  Genest  (1956)  found  that  intervals  between 
typestrokes  came  closer  and  closer  to  perfect  periodicity  as 
typists  became  progressively  more  proficient,  but  no 
periodicity  whatsoever  occurred  during  early  stages  of 
learning  to  type.  Periodicity  apparently  emerges  as  a 
function  of  practice. 
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Recently,  Summers  (1986)  studied  response  timing  in 
bimanual  tapping  tasks.  He  suggests  that  timing  may  be  an 
emergent  property  of  coupled  and  mutually  entrained 
oscillators,  as  predicted  by  Neo-Gibsonian  theory.  Data 
obtained  from  the  performance  of  musicians  have  demonstrated 
that  this  timing  behavior  can  be  modified  by  learning 
processes.  This  finding  further  suggests  the  need  to 
consider  the  skill  level  of  a person  in  a particular  task 
when  comparing  different  theories.  Highly-practiced  tasks 
have  also  been  used  in  studies  of  locomotion  (e.g., 

Grillner,  Halbertsma,  Nilsson,  & Thorstensson,  1979;  Lee, 
Lishman,  & Thomson,  1982) . 

An  analysis  of  the  research  in  which  subjects  perform 
tasks  with  different  levels  of  practice  seems  to  suggest 
that  different  control  mechanisms  are  responsible  for 
performance  in  highly-practiced  versus  relatively 
unpracticed  tasks.  To  verbalize  it  in  another  way,  as  tasks 
become  highly  practiced,  there  appears  to  be  a shift  in 
control  mechanisms  from  task-specific  mechanisms  to  more 
abstract  higher-level  control  units  that  are  easier  to 
access  and  implement  (see  Proctor,  Reeve,  & Weeks,  1990) . 
This  observation  is  in  agreement  with  the  statement  of 
Gentner  (1987)  who  said  that  "the  control  of  timing  is  one 
of  the  things  that  changes  with  extensive  practice"  (p. 

261) . In  particular,  motor  interactions  and  some 
biomechanical  factors  seem  to  be  more  important  for  the 
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control  of  unpracticed  tasks  than  for  well-practiced  tasks. 
Yamanishi  et  al.  (1980)  observed  entrainment  between  the 
hands  in  bimanual  tapping.  They  also  noted  that  this 
interaction  was  much  stronger  for  unskilled  than  skilled 
(musically  trained)  subjects. 

In  summary,  the  available  research  concerning  the 
nature  of  timing  mechanisms  can  not  yield  a clear  picture. 
Many  of  the  studies  reviewed  are  in  favor  of  a centrally- 
represented  mechanism  (e.g. , Carter  & Shapiro,  1984;  Keele 
et  al.,  1985;  Rosenbaum  & Patashnik,  1980),  while  many 
others  have  argued  that  motor  timing  is  not  the  result  of 
the  execution  of  a centrally-represented  motor  program  with 
a multiplicative  rate  parameter.  Instead,  it  is  held  that 
motor  timing  characteristics  either  result  from  the  dynamics 
in  the  neuromuscular  system  (e.g.,  Kelso  & Scholz,  1985; 
Yamanishi  et  al . , 1980)  or  from  the  use  of  different 
strategies  (e.g.,  Kolers  & Brewster,  1985;  Wrisberg  and 
Liemohn,  1990) . 

A closer  examination  of  the  literature  has  revealed 
that  control  mechanisms  including  timing  mechanisms  may 
change  with  prolonged  practice  (e.g.,  Gentner,  1987;  Keele, 
1986;  MacKay , 1982,  1987b).  In  addition,  it  has  been 
suggested  by  several  researchers  that  the  controversy 
between  the  information  processing  approach  and  the  action 
systems  approach  could  have  been  disguised  due  to  the  use  of 
different  tasks  (Harvey,  1985;  Schmidt,  1988b) . Under  these 
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circumstances,  a composite  model  is  proposed.  To  test  this 
model,  the  following  experiments  were  completed. 


CHAPTER  3 


METHODS 

Two  experiments  were  conducted  to  investigate  the 
problems  addressed  in  this  study.  Experiment  1 was  designed 
to  assess  how  extensive  training  versus  limited  training 
would  influence  the  acquisition  and  transfer  of  timing 
sequences  of  key-pressing  movements  on  which  specific 
movement  time  goals  were  imposed.  In  this  experiment,  one 
acquisition  task  and  three  transfer  tasks  were  used.  These 
three  tasks  shared  one  characteristic.  Namely,  a temporal 
structure  consisting  of  five  intertap  intervals  was  imposed 
on  the  successive  submovements  in  each  of  these  tasks. 

To  perform  these  tasks  successfully,  subjects  had  to 
abide  by  the  temporal  relations  inherent  in  the  tasks.  They 
were  expected  to  reproduce  the  required  temporal  intervals 
as  accurately  as  possible.  The  major  purpose  of  this 
experiment  was  to  examine  whether  prolonged  practice  would 
result  in  the  establishment  of  strong  centrally— represented 
phasing  relations  to  the  extent  that  such  factors  as 
mechanical  and  neuromuscular  dynamics  that  initially 
affected  performance  became  negligible  in  the  end. 

In  Experiment  2,  one  acquisition  task  and  two  transfer 
tasks  were  used.  Unlike  the  tasks  in  the  first  experiment. 
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there  was  no  particular  temporal  constraint  imposed  on  the 
successive  submovements.  Subjects  were  required  only  to 
press  the  keys  as  quickly  and  accurately  as  possible 
following  a particular  sequential  order.  This  experiment 
mainly  aimed  at  investigating  one  of  the  principal 
hypotheses  about  the  timing  of  key  pressing  movements.  That 
is,  the  timing  characteristics  in  tasks  without  any  specific 
temporal  constraints  on  the  phasing  relations  were  likely  to 
emerge  as  a consequence  of  the  constraints  imposed  by  the 
physical  characteristics  of  the  task  as  well  as  the  output 
system. 

Tasks  similar  to  those  in  these  two  experiments  have 
been  used  in  research  attempts  to  understand  the  mechanisms 
of  timing.  It  was  one  of  the  objectives  of  this  study  to 
clarify  the  theoretical  confounds  as  a result  of 
administering  different  tasks  to  resolve  similar  issues. 

Experiment  1 

Subjects 

Forty-eight  right-handed  subjects  (28  males  and  20 
females)  (M  = 20.6  years)  were  recruited  from  classes  in  the 
Sport  and  Fitness  Program  in  the  Department  of  Exercise  and 
Sport  Sciences  at  the  University  of  Florida.  They 
volunteered  to  participate  in  the  study  for  extra  credit.  A 
pre— experimental  questionnaire  was  used  to  determine  whether 
subjects  had  normal  or  corrected  to  normal  vision  as  well  as 
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any  hearing  disorders.  They  were  completely  naive  about  the 
purpose  of  the  study. 

Apparatus 

Subjects  were  tested  individually  in  an  isolated  and 
well-lit  room.  A key-pressing  task  was  used,  which 
consisted  of  six  switches  mounted  on  a wooden  board.  The 
board,  65  cm  x 65  cm,  was  mounted  on  the  frame  with  the 
keyboard  lying  beneath  it.  The  face  of  the  board  had  a tilt 
of  29°  toward  the  subject.  Six  switches  were  arranged  in  a 
circle  (25.4  cm  in  diameter).  The  switches  (standard  IBM 
keyboard  switches)  had  square  tops,  each  side  1.2  cm  long, 
and  were  labeled  with  a single  digit  ranging  from  1 to  6. 
Each  switch  on  the  customized  keyboard  was  soldered  to  the 
circuitry  of  a standard  IBM  keyboard,  so  that  it  was  slaved 
to  the  IBM  keyboard.  The  distance  between  adjacent  keys  on 
the  circle  was  12.7  cm.  Stimulus  presentation  and  response 
recording  were  controlled  by  an  IBM  PS/2,  Model  80 
microcomputer.  The  task  is  illustrated  in  Figure  1. 

Tasks  and  Conditions 

The  training  task  required  subjects  to  press  a sequence 
of  six  keys  in  a specified  order  at  an  externally  imposed 
response  rate.  For  subjects  to  perform  well,  the  explicit 
timing  relations  had  to  be  strictly  followed  with  an  attempt 
to  reproduce  the  perceived  visual  pattern  by  making  six  key 
pressing  responses.  Later  on,  these  key-pressing  responses 
will  be  referred  to  as  aiming  responses,  because  it 
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Figure  1.  The  experimental  apparatus 
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required  subjects  to  aim  at  the  six  targets  of  relatively 
small  sizes.  The  sequential  order  of  keys  to  be  pressed 
were  keys  numbered  6 , 4 , 3 , 5 , 1 , and  2 . The  temporal 
pattern  or  the  time  intervals  that  elapsed  between  two 
adjacent  aiming  responses  had  the  following  structure:  3 00- 
180-650-260-700  (ms) . This  structure  was  determined  from 
pilot  data,  including  subjects'  verbal  reports,  how  long  it 
took  to  reach  a relatively  stable  performance  plateau  (i.e., 
asymptote) , and  error  rate. 

This  task  was  performed  under  two  effector  conditions: 
a single-hand  condition  (index  and  middle  fingers  of  the 
dominant  hand  held  together)  and  a between-hand  condition 
(alternating  between  index  and  middle  fingers  of  both 
hands) . In  the  between-hand  condition,  two  hands  alternated 
in  the  order  of  Left-Right-Right-Right-Left-Left.  In  terms 
of  the  locations  of  the  assignment,  the  right  hand  was 
responsible  for  pressing  keys  mounted  on  the  right  side  of 
the  board,  and  the  left  hand  for  keys  on  the  left  side. 

Three  transfer  tasks  were  administered  after  training. 
These  tasks  had  the  same  sequential  order  and  were  performed 
only  under  the  single-hand  condition.  The  first  transfer 
task  was  exactly  the  same  as  in  the  training  stage  except 
that  the  modality  in  which  stimuli  were  presented  switched 
from  a visual  to  an  auditory  presentation.  The  second 
transfer  task  possessed  the  same  relative  timing.  However, 
the  total  movement  duration  increased  to  the  extent  that  the 
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ratio  of  each  training  segment  divided  by  its  corresponding 
segment  equaled  0.83.  The  temporal  structure  was  361-216- 
783-313-843  (ms) . The  third  transfer  task,  while 
maintaining  the  same  total  movement  duration  as  in  the 
training  phase,  had  a different  relative  timing  structure. 
The  new  structure  was:  490-340-248-380-632  (ms) . When  one 

temporal  sequence  (e.g..  A)  is  said  to  have  the  same 
relative  timing  as  the  other  (e.g.,  B) , this  means  that  the 
ratio  between  each  single  interval  compared  to  the  total 
duration  of  that  sequence  in  sequence  A is  the  same  as  its 
counterpart  in  sequence  B. 

One  issue  of  interest  was  whether  training  effects 
would  be  specific  to  the  response  effectors.  This  was 
tested  in  transfer  tasks  1,  2,  and  3.  Since  the  only 
difference  among  the  four  groups  was  the  hand  condition 
during  acquisition,  any  changes  that  occurred  during 
transfer  could  be  attributed  to  specificity  effects  of 
different  effector  conditions. 

Another  issue  was  whether  extensive  training  would  lead 
to  the  formation  of  an  abstract  representation  of  relative 
timing  of  key-pressing  movements,  which  was  conceptualized 
to  be  an  essential  variable  by  information  processing 
approach  researchers.  To  support  this  possibility, 
performance  should  be  better  when  the  same  relative  timing 
was  required  in  the  movements  as  during  the  training  phase 
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than  when  different  relative  timing  was  involved.  This 
notion  was  tested  in  transfer  tasks  2 and  3. 

Additionally,  the  amount  of  training  was  manipulated. 
Subjects  in  the  limited  training  group  received  3 blocks  of 
20  trials,  with  testing  lasting  for  less  than  an  hour. 
Subjects  in  the  extensive  training  group  were  administered 
320  trials  (16  blocks  of  20  trials)  over  a period  of  2 
hours . 

Procedure 

The  48  subjects  were  randomly  assigned  to  four  groups: 
limited  training  single-hand  (LTSH) , limited  training 
between-hand  (LTBH) , extensive  training  single-hand  (ETSH) , 
and  extensive  training  between-hand  (ETBH) . Subjects  in 
these  four  groups  participated  in  a one— day  testing  session 
in  the  Motor  Behavior  Laboratory. 

For  all  four  groups,  a training  trial  consisted  of 
three  phases:  stimulus  presentation,  reproduction,  and 

knowledge  of  results  (KR) . Five  practice  trials  were 
reguired  for  the  seguential  movements  although  a different 
timing  structure  was  imposed  (500-250-500-250-500  ms) . 

During  the  transfer  trials,  no  KR  was  provided.  The  three 
phases  followed  each  other  immediately  with  a 2 s separation 
between  the  presentation  and  reproduction  phases. 

In  the  stimulus  presentation  phase,  a graphic  display 
the  apparatus  and  the  locations  of  six  numbered  keys  were 
shown  on  the  computer  monitor.  Specifically,  the  response 
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rate  to  be  matched  by  subjects  was  presented  in  the  form  of 
corresponding  keys  flashing  in  the  specified  sequential 
order.  The  flashing  of  a specific  key  was  associated  with 
the  color  of  the  corresponding  key  changing  from  red  to 
white  and  from  white  to  red  again.  One  flashing  took  15  ms. 
The  entire  display  remained  on  the  monitor  for  2 s after  the 
entire  timing  pattern  was  demonstrated. 

In  the  reproduction  phase,  subjects  were  allowed  3 s to 
respond  after  the  presentation  phase.  They  pressed  six  keys 
in  the  specified  order  to  match  the  imposed  rate  under 
either  the  single-hand  condition  or  the  between-hand 
condition. 

In  the  KR  phase,  when  subjects  pressed  the  keys  in  the 
proper  sequence,  they  were  shown  a graphic  display  of  seven 
inter-tap  intervals  for  3 s.  Ten  colored  bars  (5  red  and  5 
white)  appeared  on  the  screen.  The  red  bars  represented  the 
target  intertap-intervals  (goals)  and  the  white  bars 
represented  intertap  intervals  that  were  reproduced  by 
subjects.  An  exact  match  in  height  between  the  goal  (red) 
and  subjects’  performance  (white)  indicated  the  best 
performance.  White  bars  that  were  larger  than  red  bars 
indicated  too  much  time  between  taps.  White  bars  that  were 
shorter  than  red  bars  meant  too  little  time  between  taps. 
Finally,  2 s separated  two  adjacent  trials. 

When  an  error  was  made,  the  type  of  error  was  recorded. 
Make-up  opportunities  were  given  for  all  error  trials.  The 
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data  of  those  subjects  whose  error  was  over  10%  during 
training  were  discarded. 

ETBH  and  ETSH.  After  signing  an  informed  consent  and 
completing  a demographic  questionnaire  (see  Appendix  A) , 
subjects  were  taken  to  a separate  enclosed  room  (2.8  m x 2.3 
m) . Before  testing  started,  they  were  verbally  informed 
that  if  their  performance  was  within  the  top  20%  of  about  50 
people,  they  were  eligible  for  a drawing  of  monetary  prizes 
of  $ 20.00  or  $ 5.00  respectively. 

Subjects  were  seated  60—70  cm  away  from  the  computer 
monitor  in  an  adjustable  chair.  The  height  of  the  chair  was 
adjusted  for  each  subject  so  that  the  eyes  would  be 
approximately  parallel  with  the  center  of  the  monitor. 
General  instructions  about  the  experiment  including  the 
tasks  and  correct  responses  were  presented  on  the  monitor. 
After  reading  the  instructions,  subjects  completed  five 
practice  trials.  One  min  after  the  familiarization  trials, 
16  blocks  of  20  trials  were  administered.  At  the  end  of 
every  100  trials  (error  or  no  error) , there  was  a 1 min 
rest.  To  help  the  subject  to  relax,  a melody  was  played 
through  the  computer  speaker  during  that  time. 

Upon  completion  of  the  training  phase,  a 5 min  rest  was 
administered.  During  the  rest,  subjects  were  required  to 
sort  cards,  to  prevent  them  from  deliberately  rehearsing  the 
training  task.  After  that,  all  subjects  completed  three 
transfer  tasks.  Each  task  was  performed  for  1 block 
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consisting  of  20  trials.  The  testing  order  of  the  three 
tasks  was  counterbalanced  across  subjects. 

LTBH  and  LTSH . These  two  groups  followed  the  same  routine 
as  subjects  in  the  ETBH  or  ETSH  groups  to  the  point  of 
completing  5 familiarization  trials.  After  the  trials,  they 
completed  three  blocks  of  20  training  trials.  The  transfer 
phase  was  identical  to  the  two  extensive  training  groups. 
Experimental  Design  and  Data  Analysis 

In  this  experiment,  there  were  two  kinds  of  independent 
variables:  between-subjects  and  within-subjects . The 

between-subjects  factors  were  amount  of  training  and  hand 
conditions.  The  within-subjects  factors  were  trial  block, 
type  of  transfer  tasks,  and  movement  segments.  Dependent 
measures  included  root  mean  square  error  (RMSE)  (see  Franks 
& Stanley,  1991;  Langley  & Zelaznik,  1984),  proportion  of  MT 
for  each  segment,  within-subject  timing  variability  (SD) , 
and  error  rate.  RMSE  was  a composite  accuracy  measure  for 
performance  on  the  five  segments  while  SD  could  reveal 
information  about  performance  consistency.  These  two  scores 
represented  the  quality  of  the  performance.  The  proportion 
of  MT  was  used  as  an  index  for  the  phasing  characteristics 
among  the  five  segments. 

In  all  of  the  statistical  analyses,  alpha  was  set  at 
the  .05  level.  For  all  of  the  ANOVAs,  where  appropriate, 
Tukey ' s honestly  significant  difference  procedure  was  used 
to  determine  specific  differences. 
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Experiment  2 

Subjects 

Forty-eight  right-handed  subjects  (26  males  and  22 
females)  with  a mean  age  of  21.2  years,  were  recruited  from 
similar  Sport  and  Fitness  classes  as  in  Experiment  1.  They 
volunteered  to  participate  in  the  study  for  extra  credit. 
They  were  not  the  same  subjects  used  in  Experiment  1 and 
they  were  completely  naive  about  the  purpose  of  the  study. 

A pre-experimental  questionnaire  was  used  to  determine 
whether  subjects  had  normal  or  corrected  to  normal  vision. 
Apparatus 

The  experimental  apparatus  was  identical  with  what  was 
used  in  Experiment  1. 

Tasks  and  Conditions 

The  training  task  required  subjects  to  press  a sequence 
of  six  keys  under  either  the  single-hand  condition  or  the 
between-hand  condition  in  a specified  order  as  quickly  and 
accurately  as  possible.  Consistent  with  Experiment  1,  the 
sequential  order  was  6,  4,  3,  5,  1,  2.  When  the  task  was 
performed  under  the  between— hand  condition,  the  order  in 
which  the  two  hands  alternated  was:  Left -Right-Right-Right- 

Left-Left  . 

The  training  task  involved  six  rapid  aiming  responses 
that  followed  a specified  order.  This  procedure  is 
analogous  to  the  operations  required  in  such  real-world 
tasks  as  typing  or  walking.  Similarities  among  these  tasks 
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involve  orientation  toward  the  task  goal  of  hitting  the 
targets  and  transporting  hand(s)  from  key  to  key  with 
maximum  speed  and  accuracy.  During  this  process,  subjects 
were  forced  to  obey  the  constraints  within  the  task  (e.g., 
the  particular  pathways  of  the  key  arrangement,  the  fixed 
distances  between  keys,  the  special  shape  of  the  keyboard, 
or  their  unique  characteristics  of  hands  and  fingers) . All 
these  situational  constraints  have  been  emphasized  by  action 
theorists  in  interpreting  those  factors  that  can  influence 
movement  productions. 

The  major  issue  that  was  tested  in  the  training  phase 
was  whether  central  representations  for  temporal  features 
could  be  deliberately  learned  as  a result  of  prolonged 
training.  To  obtain  this  information,  the  limited  and 
extensive  training  groups  were  compared  in  a transfer-of- 
training  design.  Alterations  in  terms  of  relative  timing 
features  were  predicted  between  the  limited  training  and  the 
extensive  training  group.  However,  it  was  hypothesized  that 
no  invariant  phasing  characteristics  would  be  learned  after 
limited  training.  Another  issue  to  be  tested  was  whether 
there  would  be  any  differences  (in  response  times  as  well  as 
in  phasing  relations)  between  the  single-hand  and  the 
between-hand  conditions.  Because  the  neuromuscular  control 
mechanisms  of  the  between-hand  and  single-hand  conditions 
were  different,  performance  differences  (at  least,  the 
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phasing  relations)  were  expected  to  be  dominant  throughout 
the  training  phase. 

There  were  two  transfer  tasks.  All  subjects  switched 
to  the  single-hand  condition  during  the  transfer  phase.  For 
the  first  task,  they  were  required  to  reduce  the  speed  of 
the  key-pressing  movements  by  approximately  50%.  For  the 
second  transfer  task,  they  had  to  complete  the  five-segment 
sequence  as  rapidly  and  accurately  as  possible.  However, 
the  sequential  order  was  changed  to  5,  1,  2,  6,  4,  3.  The 
sequence  maintained  the  same  distance  relationships  among 
the  six  aiming  responses,  although  the  starting  point  was 
altered.  On  the  basis  of  the  generalized  program  model, 
this  rearrangement  was  hypothesized  to  change  the  phasing 
characteristics  of  the  task,  because  the  opposite  muscles 
should  be  activated  to  complete  the  movements. 

The  data  from  tasks  1 and  2 separately  could  answer 
questions  about  effector  specificity  effects  of  training  and 
learning  of  invariant  features  in  sequential  motor  tasks. 

For  example,  in  the  first  transfer  task,  performance  of  the 
movement  sequence  was  slowed  by  50%.  In  other  words,  the 
variant  parameter  of  speed  changed,  but  the  invariant 
temporal  relationships  remained  the  same  as  in  the  training 
task.  If  no  invariant  temporal  relationships  were  to  be 
maintained,  this  would  indicate  that  no  central 
representation  for  temporal  features  had  been  learned. 
Compared  with  the  training  situation,  the  second  transfer 
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condition  contained  an  invariant  parameter  modification. 
Therefore,  it  was  expected  that  phasing  characteristics  in 
this  task  would  be  different  from  the  other  transfer 
condition.  If  this  did  not  happen,  then  it  could  be 
regarded  as  converging  evidence  that  no  invariant  features 
were  deliberately  learned. 

Testing  lasted  approximately  1.5  hours  for  the 
extensive  trained  subjects  and  less  than  one  hour  for  the 
limited  training  subjects. 

Procedure 

All  subjects  were  randomly  assigned  to  four  groups: 
limited  training  single-hand  (LTSH) , limited  training 
between-hand  (LTBH) , extensive  training  single-hand  (ETSH) , 
and  extensive  training  between-hand  (ETBH) . Subjects  in 
these  four  groups  participated  in  one  daily  session  of 
testing  at  the  Motor  Behavior  Laboratory. 

For  all  four  groups,  a training  trial  consisted  of 
three  phases:  stimulus  presentation,  response,  and 

knowledge  of  results  (KR) . The  stimulus  presentation  phase 
was  equivalent  across  three  phases:  familiarization, 

training,  and  transfer.  Familiarization  trials  were 
identical  with  training  trials  in  all  phases.  The  three 
phases  of  the  transfer  trials  were  the  same  as  in  the 
training  trials  with  the  exception  of  the  KR  phase.  KR  was 
provided  in  the  first  transfer  task  (50%  speed)  so  that 
subjects  could  control  the  total  movement  duration  within 
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the  50%  of  their  maximum  speed.  However,  KR  was  omitted  in 
the  second  transfer  task  in  which  the  direction  was 
reversed.  The  three  phases  followed  each  other  immediately 
with  a 2 s separation  between  the  presentation  and  response 
phases. 

In  the  stimulus  presentation  phase  of  any  trial,  the 
word  'READY'  appeared  in  the  middle  of  the  monitor.  After  a 
variable  period  of  delay  (1,  2,  or  3 s) , determined 
randomly,  'READY'  was  replaced  by  the  signal  'GO'. 

In  the  response  phase,  as  soon  as  the  word  'GO' 
appeared  on  the  monitor,  subjects  pressed  the  six  keys  as 
quickly  and  accurately  as  possible  under  either  the  single- 
hand condition  or  the  between-hand  condition. 

In  the  KR  phase,  when  subjects  pressed  the  keys  in  the 
proper  sequence,  the  total  response  time,  (i.e.,  the  time 
recorded  from  when  the  first  key  is  pressed  to  when  the  last 
key  is  pressed)  was  presented.  When  an  error  occurred 
(e.g.,  a wrong  key  was  pressed,  or  the  hand  released  before 
the  onset  of  stimulus) , subjects  were  provided  with  the  type 
of  error  made.  Subjects  were  given  3 s to  examine  the  KR. 
Finally,  two  s separated  two  successive  trials. 

Error  trials  were  replaced  immediately.  The  data  of 
two  subjects  whose  error  rate  was  over  10%  were  discarded. 
ETBH  and  ETSH.  After  completing  an  informed  consent  form 
and  a demographic  questionnaire,  subjects  were  taken  to  a 
separate  enclosed  room  (2.8  m x 2.3  m).  Before  testing 
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began,  they  were  verbally  informed  that  if  their  performance 
fell  within  the  top  20%  of  the  50  being  tested,  they  were 
eligible  for  a drawing  of  monetary  prizes  of  $ 20.00  or  $ 
5.00,  respectively. 

Subjects  were  seated  60-70  cm  from  the  computer 
monitor.  General  instructions  about  the  experiment 
including  the  tasks  and  correct  responses  were  presented  on 
the  monitor.  After  reading  the  instructions,  subjects 
completed  5 familiarization  trials.  One  min  following  the 
familiarization  trials,  a total  of  320  trials  (16  blocks  of 
20  trials)  were  administered.  At  the  end  of  each  100 
trials  (error  trials  plus  no  error  trials) , a one  min  rest 
was  given.  During  that  time,  a melody  was  played  through 
the  computer  speaker.  After  all  16  blocks  were  completed, 
subjects  rested  for  5 min.  During  this  period,  they  were 
required  to  sort  cards,  a task  that  was  designed  to  prevent 
them  from  deliberately  rehearsing  about  the  training  task. 
After  that,  they  completed  two  transfer  tasks.  One  block  of 
20  trials  was  administered  for  each  task.  The  order  in 
which  the  two  tasks  were  presented  was  counterbalanced. 

LTBH  and  LTSH . Subjects  in  these  two  groups  followed  the 
same  procedures  as  subjects  in  the  ETBH  or  ETSH  groups  to 
the  point  of  completing  5 familiarization  trials.  After 
familiarization  trials,  they  completed  three  blocks  of  20 
training  trials.  After  a 10-min  rest,  two  transfer  tasks 
were  completed  by  all  subjects  only  under  the  single-hand 
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condition.  The  order  in  which  the  two  transfer  tasks  were 
presented  was  counterbalanced  to  eliminate  any  possible 
order  effect. 

Experimental  Design  and  Data  Analysis 

For  the  independent  variables,  the  same  between- 
subjects  and  within-subjects  factors  were  analyzed  as  in 
Experiment  1.  Dependent  measures  included  mean  proportions 
of  time  for  each  of  the  five  segments  (expressed  as  MT/Total 
MT)  for  each  trial,  mean  within-subject  timing  variability, 
mean  MT  for  each  segment,  and  error  rate. 

For  the  training  data,  separate  2 x 16  x 5 (Hand 
Condition  x Trial  Block  x Segment)  ANOVAs  with  repeated 
measures  on  the  last  two  factors  were  used  to  analyze  how 
timing  variability,  relative  timing,  and  MTs  would  change  as 
a function  of  prolonged  training  and  the  use  of  different 
effector  conditions.  Furthermore,  three  blocks  of  data  from 
the  limited  training  groups  and  the  last  three  blocks  from 
the  extensive  training  groups  were  analyzed  with  separate  2 
x 2 x 3 x 5 (Training  x Hand  Condition  x Trial  Block  x 
Segment)  ANOVAs  with  repeated  measures  on  the  last  two 
factors.  These  two  analyses  examined  how  different  amounts 
of  training  would  affect  timing  performance  and  whether 
training  was  specific  to  effector  conditions. 

For  transfer  data,  a2x2x2x3x5  (Training  x Hand 
Condition  x Transfer  x Trial  Block  x Segment)  ANOVA  with 
repeated  measures  on  the  last  three  factors  was  conducted  on 
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the  proportion  data.  Its  purpose  was  to  examine  whether 
relative  timing  would  change  as  a function  of  different 
performance  conditions.  Additional  2x2x2x2x5 
(Training  x Hand  Condition  x Transfer  x Trial  Block  x 
Segment)  mixed-design  ANOVAs  were  performed  on  the 
variability  and  MT  data  with  the  aim  of  examining  the 
effects  of  different  training  schemes  on  transfer 
performance. 


CHAPTER  4 


RESULTS 
Experiment  1 

Root  mean  square  error  (RMSE) , standard  deviations 
(SD) , and  mean  proportion  of  time  for  each  segment  (phasing) 
were  computed  in  blocks  of  20  trials  for  each  of  the  five 
segments.  The  number  of  errors  (including  wrong  key  order 
and/or  premature  release)  was  calculated.  A criterion  of 
less  than  10%  in  the  training  trials  was  used  to  monitor 
error  rate.  No  subject  was  removed  from  the  data  analysis 
due  to  exceeding  this  criterion. 

The  RMSE,  SD,  and  phasing  data  are  presented  first  for 
the  training  condition  and  second  for  the  transfer 
condition.  Dependent  measures  were  analyzed  with  ANOVAs, 
with  both  the  traditional  F test  values  and  the  conservative 
degrees  of  freedom  adjustments  (Greenhouse  & Geisser,  1959; 
Huynh  & Feldt,  1980)  . Data  reported  here  were  significant 
according  to  both  tests.  Tukey's  honestly  significant 
difference  (HSD)  test  was  used  for  all  follow-up  mean 
comparisons,  as  appropriate.  Later  on,  follow-up  mean 
comparisons  will  be  referred  to  as  either  post-hoc  analysis, 
or  tests  of  simple  main  effects,  or  follow-up  mean 
comparisons . 
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Training  Phase 

Mean  RMSE,  SD,  and  proportions  of  time  data  were 
analyzed.  The  three  dependent  measures  helped  in  different 
ways  to  resolving  the  related  issues  and  they  converged  on 
elaborating  on  the  complex  issues  involved.  RMSE  was  used 
mainly  for  temporal  accuracy  and  SD  for  temporal  variability 
within  subjects.  These  two  measures  revealed  information 
about  the  quality  of  performance.  The  RMSE  and  SD  findings 
associated  with  different  training  schemes  and  hand 
effectors  contributed  to  understanding  the  existence  of  the 
possible  timing  mechanisms.  In  addition,  coupled  with  the 
accuracy  and  variability  information,  the  phasing  data 
(sometimes  referred  to  as  relative  timing  data)  contributed 
to  understanding  the  effects  of  training  and  effector 
conditions  on  the  mechanisms  associated  with  acquiring  and 
controlling  of  time  properties  in  sequential  movements. 

The  mean  RMSE,  SD,  and  proportions  of  time  data  were 
all  analyzed  following  the  same  procedures.  First,  data  for 
the  extensive  training  condition  were  analyzed  across  the  16 
blocks  of  trials  over  the  five  segments  of  the  task.  This 
type  of  analysis  was  conducted  for  the  purpose  of  evaluating 
the  effects  of  the  extensive  training  scheme  on  timing 
characteristics.  Second,  the  last  three  blocks  from  the 
extensive  training  condition  and  the  three  blocks  of  limited 
training  data  were  submitted  to  separate  mixed  design 
ANOVAs.  These  analyses  aimed  at  assessing  the  effects  of 
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the  limited  training  scheme,  and  at  the  same  time  comparing 
and  contrasting  the  effects  of  the  two  training  schemes  and 
two  hand  conditions.  An  examination  of  these  effects  during 
the  training  phase  provided  clues  for  interpreting  transfer 
data,  and  ultimately  for  theorizing  about  timing  mechanisms 
involved. 

It  should  be  noted  again  that  only  significant  effects 
in  the  following  analyses  are  reported  here.  However,  the 
more  meaningful  findings  are  elaborated  upon.  Several 
principles  were  closely  followed  in  the  data  analysis 
process.  First,  if  main  effects  were  found  and  they  did  not 
interact  with  other  factors,  they  are  reported  and  further 
discussed.  If  the  significant  main  effects  also  interacted 
with  other  variables,  they  are  discussed  in  the  context  of 
significant  interactions.  Second,  if  several  significant 
main  effects  were  identified,  the  first  to  be  discussed  is 
highest  order  (e.g.,  a three-way  interaction  has  a higher 
order  than  a two-way  interaction) . This  approach  was 
justified  by  the  argument  that  a higher  order  finding 
naturally  includes  other  lower  order  findings.  For 
instance,  in  the  case  of  a reliable  three-way  interaction, 
two-way  interactions  were  analyzed  by  holding  the  third 
factor  constant  (Montgomery,  1984) . Finally,  the  most 
important  principle  for  discussing  certain  findings  was  that 
they  were  regarded  as  highly  related  to  the  hypotheses  of 
the  study . 
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RMSE.  A 2 x 16  x 5 (Hand  x Trial  Block  x Segment) 

ANOVA  with  repeated  measures  on  the  last  two  factors 
revealed  two  significant  main  effects:  trial  block,  F(15, 

330)  = 70.06,  p<.001  and  segment,  F(4,  88)  = 29.34,  p<.001. 
In  addition,  a significant  Trial  Block  x Segment  interaction 
was  found  (see  Figure  2),  F(60,  1320)  = 4.22,  pc.OOl. 

Figure  2 shows  the  reliable  interaction.  Tukey's  HSD 
procedure  indicated  that  timing  accuracy  improved  for  all 
five  segments  across  16  trial  blocks.  However,  the  rate  of 
improvement  varied  from  segment  to  segment.  For  example,  no 
increase  in  accuracy  was  observed  from  trial  blocks  1 to  10 
for  segment  1,  whereas  there  was  a significant  decrease  in 
error  on  segment  2 from  trial  blocks  1 to  3 . For  segments 
3,  4,  and  5,  the  improvements  in  accuracy  began  in  blocks  4, 
2,  and  2,  respectively.  It  was  noted  that  the  point  where 
accuracy  began  to  level  off  varied  from  segment  to  segment. 
However,  performance  on  each  segment  was  eguivalent  for  the 
last  three  blocks.  Also,  during  the  last  three  blocks, 
segment  5 was  associated  with  the  largest  error,  followed  by 
segments  3,  4,  1,  and  2,  although  the  last  three  segments 
had  eguivalent  accuracy  performance. 

Next,  a2x2x3x5  (Training  x Hand  x Trial  Block  x 
Segment)  mixed  design  ANOVA  was  performed  on  the  last  three 
blocks  of  trials  of  the  extensive  training  groups  and  the 
three  blocks  of  trials  of  the  limited  training  groups.  The 
purpose  was  to  assess  timing  performance  as  a function  of 


91 


Figure  2.  Mean  RMSE  for  the  five  segments  as  a 

function  of  trial  blocks  during  extensive 
training. 
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two  training  schemes  and  two  effector  conditions.  The  main 
effects  for  training,  trial  block,  and  segment  were  found  to 
be  significant,  F(l,  44)  = 163.60,  £<.001,  F(2,  88)  = 20.83, 
£< . 001 , and  F(4,  176)  = 40.74,  £<.001. 

Five  significant  two-way  interactions  were  identified. 
Those  interactions  were:  (a)  Trial  Block  x Training,  F(2, 

88)  = 9.83,  £<.001,  (b)  Trial  Block  x Hand,  F(2,  88)  = 5.19, 

£<.01,  (c)  Segment  x Hand,  F(4,  176)  = 4.07,  £<.01,  (d) 

Segment  x Training,  F(4,  176)  = 17.06,  £<.0001,  and  (e) 

Trial  Block  x Segment,  F(8,  352)  = 5.70,  £<.0001. 

Three  significant  three-way  interactions  were 
determined.  They  were  (a)  Trial  Block  x Training  x Hand 
(F (2 , 88)  = 6.89,  £<.01),  (b)  Segment  x Training  x Hand 

(F(4,  176)  = 3.97,  £<.01),  and  (c)  Trial  Block  x Segment  x 
Hand  (F(8,  352)  = 3.25,  £<.01).  The  four-way  (Trial  Block  x 
Segment  x Training  x hand)  interaction  was  also  significant 
(F  ('8 , 352)  = 2.23,  £<.05). 

Of  these  many  interactions,  only  two  will  be  examined 
closely  due  to  their  relevance  to  answering  the  questions 
raised  in  the  first  hypothesis.  Tests  for  simple  main 
effects  of  the  Segment  x Training  x Hand  interaction  (F(4, 
176)  = 3.97,  £< .01)  showed  the  following  results  (see  Figure 
3) . First,  subjects  in  the  extensive  training  conditions 
were  uniformly  more  accurate  than  those  in  the  limited 
training  conditions  except  in  segment  1 for  the  single-hand 
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Figure  3 . Mean  RMSE  for  the  two  training  schemes  as  a 

function  of  segments  during  training. 
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condition.  Second,  for  extensive  training  subjects, 
regardless  of  condition,  single-hand  or  between-hand, 
temporal  accuracy  performance  was  equivalent  for  each 
segment.  Across  five  segments,  accuracy  in  segment  2 was 
the  best,  followed  by  segments  4,  1,  and  2.  Performance  for 
segment  5 was  the  worst.  These  findings  were  consistent 
with  the  literature  which  indicates  that  timing  accuracy  is 
influenced  by  the  duration  of  time  intervals,  with  longer 
MTs  yielding  more  error  (e.g. , Newell,  Carlton,  Carlton,  & 
Halbert,  1980;  Schmidt,  1991;  Schmidt,  Zelaznik,  Hawkins, 
Frank,  & Quinn,  1979) . Third,  for  the  limited  training 
subjects,  the  data  revealed  no  clear  pattern.  For  segments 
1 and  4 , between— hand  conditions  resulted  in  better  accuracy 
data,  but  the  reverse  was  true  for  segments  2,  3,  and  5. 

A closer  scrutiny  of  the  data  was  provided  by  the 
simple  main  effects  analysis  of  the  Trial  Block  x Segment  x 
Training  x Hand  interaction  (see  Table  1) . Table  1 
indicates  that  the  extensive  training  scheme  led  to 
uniformly  better  performance  at  each  segment  across  three 
trial  blocks  in  comparison  to  the  limited  training  scheme. 

In  addition,  for  the  between-hand  condition  within  the 
extensive  training  treatments,  temporal  accuracy  for  each 
segment  was  equivalent  across  all  three  trial  blocks.  The 
same  was  true  for  subjects  trained  with  the  single-hand 
condition.  Furthermore,  single-hand  and  between-hand 
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Table  1 

The  Trial  Block  x Segment  x Training  x Hand  Interaction 
for  RMSE  Data  During  Training  * 


Secrment 

1 

2 

3 

4 

5 

Block 

Extensive  Trainina  and 

Sinale- 

Hand 

14 

50.20 

21.19 

54.29 

30.24 

83 .36 

15 

43.78 

19 . 17 

59.65 

30.80 

69.10 

16 

39.41 

22.80 

52.26 

31.57 

61.87 

Extensive  Trainina  and 

Between 

-Hand 

14 

48.23 

36.22 

58.92 

51.59 

82.21 

15 

48.51 

33.78 

46.82 

42 .35 

74.43 

16 

46.69 

32.27 

47.17 

36.44 

66.21 

Limited  Trainina  and 

Sinale-Hand 

1 

75.80 

86.57 

186.98 

188.74 

280.90 

2 

71.70 

65.94 

142 . 68 

117.53 

183 . 64 

3 

57.39 

62.71 

133.89 

96.47 

157 . 65 

Limited  Trainina  and 

Between-Hand 

1 

76.62 

172 .34 

189.14 

104.00 

245.99 

2 

105.35 

124.94 

177.98 

97.70 

217.15 

3 

101.32 

146.54 
• ■ _ — 1 

165.62 

110.13 

202.43 

* Note:  The  unit  is  millisecond. 


96 

conditions  were  equivalent  for  the  five  segments  across 
three  trial  blocks. 

As  to  the  limited  training  condition,  the  single-hand 
condition  led  to  continuous  improvement  in  segments  3 , 4 , 
and  5 from  trial  blocks  1 to  3 . No  accuracy  improvement  was 
found  for  segments  1 and  2.  However,  the  between-hand 
condition  contributed  to  less  accuracy  in  segment  1 from 
trial  block  1 to  trial  block  2 . The  same  trend  was  revealed 
for  segments  2 and  4 from  trial  blocks  2 and  3.  Moreover, 
there  was  an  uneven  distribution  of  accuracy  performance 
scores  across  the  five  segments  throughout  three  trial 
blocks.  In  addition,  for  subjects  in  the  limited  training 
condition,  it  was  also  found  that  timing  performance  for  the 
single-hand  condition  was  less  accurate  than  for  the 
between-hand  conditions  in  some  cases,  but  the  reverse  was 
true  in  other  cases.  Since  there  was  no  identifiable 
pattern  embedded  in  these  findings,  the  details  are  omitted 
here. 

Within-subiect  variability.  SD  data  for  the  two 
extensive  training  groups  were  submitted  to  a 2 x 16  x 5 
(Hand  x Trial  Block  x Segment)  mixed  design  ANOVA. 
Significant  main  effects  for  trial  block  (F(15,  330)  = 

35.96,  p< .0001)  and  segment  (F(4,  88)  = 58.67,  p<.0001)  were 
found. 

The  Trial  Block  x Segment  interaction  was  significant, 
F(60,  1320)  = 3.19,  g<.0001.  Follow-up  simple  main  effects 
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Trial  Block 


Figure  4.  Mean  SD  for  the  five  segments  as  a function 

of  trial  blocks  during  extensive  training. 
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tests  indicated  that  variability  was  reduced  significantly 
in  the  last  six  blocks  in  comparison  to  the  first  three 
blocks  (see  Figure  4) . It  was  noted  that  variability 
performance  levelled  off  at  different  points  for  different 
segments.  This  was  apparent  for  segments  1,  2,  3,  4,  and  5 
at  trial  blocks  10,  11,  11,  9,  and  13,  respectively.  In 
addition,  variability  performance  improved  consistently 
except  at  a few  points  where  an  increase  in  variability  was 
observed.  In  addition,  follow-up  procedures  were  performed 
on  the  main  effects  of  trial  block  and  segment.  The 
analyses  indicated  that  performance  was  more  consistent  in 
trial  block  3 than  in  trial  block  1.  Also,  segments  1 and  2 
displayed  equivalent  performance,  but  performance  in  these 
two  segments  was  much  more  consistent  than  in  segment  4.  In 
turn,  segment  4 was  better  than  segment  3,  and  segment  3 
better  than  segment  5.  These  relationships  as  demonstrated 
by  the  main  effect  of  segment  were  sustained  in  the  Trial 
Block  x Segment  interaction  from  the  beginning  to  the  end. 

A2x2x3x5  (Training  x Hand  x Trial  Block  x 
Segment)  mixed  design  ANOVA  was  run  on  the  three  trial 
blocks  for  the  limited  training  condition  and  the  last  three 
blocks  for  the  extensive  training  condition.  The  analysis 
revealed  four  significant  findings.  The  three  significant 
main  effects  were  training  (F(l,  44)  = 87.66,  pc. 0001), 
trial  block  (F(2,  88)  = 7.75,  p<.001),  and  segment  (F(4, 

176)  = 61.21,  p<.0001).  As  expected,  the  extensive  training 
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scheme  produced  much  less  variability  than  the  limited 
training  scheme.  Post-hoc  analysis  indicated  that  the 
pooled  second  and  third  blocks,  despite  having  equivalent 
variability,  displayed  a significant  decrease  in  variability 
in  comparison  to  the  pooled  first  block. 

The  Segment  x Training  interaction  was  also 
significant,  F(4,  176)  = 11.28,  p<.0001  (see  Figure  5). 
Simple  main  effects  analysis  indicated  that  extensive 
training  subjects  were  uniformly  more  consistent  than 
limited  training  subjects  across  the  five  segments.  In 
addition,  the  order  in  which  segments  were  ranked  in  terms 
of  variability  performance  from  smallest  to  largest  was  2, 

4,  1,  3,  and  5.  The  order  for  limited  training  subjects  was 
almost  the  same  except  that  segments  1 and  2 were 
equivalent.  This  finding  is  again  consistent  with  the  view 
that  temporal  variability  varies  with  MTs . 

Phasing . A 2 x 16  x 5 (Hand  x Trial  Blocks  x Segment) 
mixed  design  ANOVA  was  undertaken  for  the  mean  relative 
timing  data.  As  related  to  the  first  hypothesis,  this 
analysis  mainly  aimed  at  identifying  any  modifications  in 
the  phasing  characteristics  as  a function  of  different 
training  schemes.  The  segment  main  effect  was  found  to  be 
significant,  F(4,  88)  = 656.54,  p<  .0001.  In  addition,  two 
significant  two-way  interactions  were  Segment  x Hand,  F(4, 

88)  = 2.53,  p<.05,  and  Trial  Block  x Segment,  F(60,  1320)  = 
18.38,  pc.0001. 


Mean  Standard  Deviations  (ms) 


100 


Figure  5.  Mean  SD  for  the  training  schemes  as  a 

function  of  segments  during  training. 
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a function  of  trial  blocks. 
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Figure  6 shows  the  Trial  Block  x Segment  interaction. 
Simple  main  effects  analysis  indicated  that  the  proportions 
of  time  for  different  segments  changed,  with  segments  3 and 
5 receiving  a larger  proportion  and  segments  2 and  4 
receiving  a smaller  share  as  training  proceeded.  The  last 
three  blocks  displayed  different  phasing  profiles  in 
comparison  to  the  first  three  blocks.  Further  analysis 
indicated  that  the  points  for  phasing  characteristics  to 
reach  an  asymptote  varied  from  segment  to  segment.  Segments 
1 to  5 reached  their  asymptotes  in  trial  blocks  11,  8,  9,  7, 
and  10  respectively. 

To  obtain  more  information  about  how  the  two  training 
schemes  and  effector  conditions  would  affect  phasing 
characteristics,  a2x2x3x5  (Training  x Hand  x Trial 
Blocks  x Segment)  mixed  design  ANOVA  was  conducted  on  the 
mean  data  from  the  last  three  blocks  of  extensive  training 
data  and  the  three  blocks  of  limited  training  data.  The 
only  significant  main  effect  was  segment,  F(4,  176)  = 

647.08,  p<.0001.  In  addition,  three  significant  two-way 
interactions  were  identified.  They  included  (a)  Segment  x 
Training,  F(4,  176)  = 36.33,  p<.0001;  (b)  Segment  x Hand, 

F (4 , 176)  = 4.99,  p<.001;  and  (c)  Trial  Block  x Segment, 

F(8,  352)  = 13.87,  pc.OOOl.  Furthermore,  three  reliable 
three-way  interactions  were  determined:  (a)  Segment  x 

Training  x Hand,  F(4,  176)  = 2.67,  p<  .05;  (b)  Trial  Block  x 

Segment  x Training,  F(8,  352)  = 14.52,  pc.0001;  and  (c) 
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Trial  Block  x Segment  x Hand,  F(8,  352)  = 2.50,  p<.05. 
Finally,  the  four-way  (Trial  Block  x Segment  x Training  x 
Hand)  interaction  was  significant,  F(8,  352)  = 2.61,  p<.01. 

Simple  main  effects  tests  for  the  four-way  interaction 
(see  Table  2)  revealed  the  following  results.  First,  when 
the  extensive  training  groups  were  examined  (separately  from 
the  limited  training  groups) , eguivalent  phasing 
characteristics  were  observed  for  each  individual  segment 
across  three  trial  blocks  and  two  effector  conditions.  In 
addition,  each  segment  had  its  distinctive  phasing  profile, 
which  was  very  close  to  the  prescribed  target  ratio. 

Second,  the  analysis  of  the  limited  training  data  showed 
that  the  phasing  characteristics  varied  as  a function  of 
trial  blocks  and  effector  conditions.  Within  the  single- 
hand condition,  the  phasing  profile  for  the  first  trial 
block  was  different  from  those  of  the  second  and  third 
blocks  while  no  difference  existed  between  the  second  and 
third  blocks.  The  same  phenomenon  was  found  in  the  between- 
hand  condition  with  the  exception  of  segment  4 where 
equivalent  phasing  was  displayed  through  three  trial  blocks. 

Third,  a scrutiny  of  each  segment  across  the  four 
groups  indicated  that  the  extensive  training  scheme  resulted 
in  different  phasing  characteristics  in  comparison  to  the 
limited  training  scheme. 

In  summary,  the  four-way  interaction  indicated  that 
phasing  characteristics  were  modified  as  a result  of 
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Table  2 

The  Trial  Block  x Segment  x Training  x Hand  Interaction 
for  Phasing  During  Training  * 


Secrment 

Block 

14 

15 

16 

12  3 

Extensive  Trainincr  and 

4 5 

Single-Hand 

0.147 

0.153 

0.145 

0.089 

0.090 

0.092 

0.314 

0.308 

0.310 

0.125 

0.125 

0.126 

0.325 

0.324 

0.327 

Extensive  Training  and  Between-Hand 

14 

0.153 

0.101 

0.308 

0.116 

0.322 

15 

0.149 

0.099 

0.307 

0.120 

0.324 

16 

0.148 

0.097 

0.307 

0.123 

0.324 

Limited  Training  and  Single-Hand 


1 

2 

3 

0.167 

0.149 

0.145 

0.128 

0.114 

0.111 

0.257 

0.280 

0.283 

0.207 

0.169 

0.159 

0.239 

0.288 

0.302 

Limited  Trainincr  and  Between-Hand 

1 

0.137 

0.170 

0.269 

0.162 

0.263 

2 

0.131 

0.152 

0.275 

0.152 

0.290 

3 

0.120 

0.155 

0.281 

0.151 

0.294 

* Note:  The  unit  is  percentage. 
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prolonged  training.  The  effector  conditions  that  originally- 
had  a strong  effect  on  the  performance  tended  to  play  a less 
important  role  when  training  was  sufficient. 

Transfer  Phase 

Transfer  tasks  were  administered  for  the  purpose  of 
assessing  related  training  effects  on  timing  performances 
(RMSE,  SD,  and  phasing)  so  that  appropriate  inferences  could 
be  drawn  regarding  the  hypotheses.  Note  again  that  subjects 
from  all  groups  performed  under  the  same  condition  during 
the  transfer  phase.  This  meant  that  subjects  who  were 
trained  with  the  between-hand  condition  switched  to  the 
single— hand  condition.  Any  resulting  differences  between 
these  conditions  could  therefore  be  attributed  to  the 
initial  training  condition. 

RMSE.  A2x2x3x5  (Training  x Hand  x Task  x 
Segment)  ANOVA  with  repeated  measures  on  the  last  two 
factors  was  performed  on  the  mean  RMSE  data.  Three 
significant  main  effects  were  noted:  training  (F(l,  44)  = 

26.33,  p< .0001) , task  (F(2,  88)  = 34.89,  p<.0001),  and 
segment  (F(4,  176)  = 107.08,  p<.0001).  There  were  four 
reliable  two-way  interactions.  They  were  Task  x Training 
(F(2,  88)  = 13.85,  p<.0001),  Task  x Hand  (F(2,  88)  = 3.67, 
P<. 05),  Segment  x Training  (F(4,  176)  = 13.27,  pc. 0001),  and 
Task  x Segment  (F(8,  352)  = 45.32,  pc. 0001).  In  addition,  a 
three-way  (Task  x Segment  x Training)  interaction  was  found, 
F (8 , 352)  = 6.25,  pc.0001. 
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Figure  7 . Mean  RMSE  for  the  two  effector  conditions  as 

a function  of  transfer  tasks  during  transfer 
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Tukey's  HSD  follow-up  test  on  the  Task  x Hand 
interaction  (see  Figure  7)  indicated  that  subjects  trained 
with  the  single-hand  condition  were  more  accurate  than  those 
trained  with  the  between-hand  condition  in  the  same  relative 
timing  task  as  well  as  the  auditory  task.  However,  the 
accuracy  performance  was  equivalent  for  both  hand  conditions 
in  the  different  relative  timing  task. 

Follow-up  procedures  were  also  performed  on  the  main 
effect  of  task  as  well  as  the  Task  x Segment  x Training 
interaction  (see  Figure  8).  The  task  main  effect  analysis 
showed  that  the  auditory  task  displayed  the  best  accuracy 
performance,  followed  by  the  same  relative  timing  task.  The 
different  relative  timing  task  was  the  worst.  The  task  main 
effect  was  better  understood  in  the  three-way  interaction. 
The  task  main  effect  finding  was  well  sustained  in  the 
extensive  training  condition  within  each  segment  except  for 
segment  1 where  the  same  relative  timing  task  and  the 
auditory  task  displayed  equivalent  performances.  However, 
under  the  limited  training  condition,  the  different  relative 
timing  task  displayed  better  performance  than  the  other  two 
tasks  for  segment  3 and  better  performance  than  the  same 
relative  timing  task  in  segment  5.  Furthermore,  Figure  8 
indicates  that  extensive  training  subjects  performed  with 
more  accuracy  than  their  limited  training  counterparts  from 
segments  2 to  5 in  both  the  same  relative  timing  task  and 
the  auditory  task.  For  segment  1,  performance  in  the  same 
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relative  timing  task  was  equivalent  for  subjects  of  both 
training  schemes.  However,  the  limited  training  scheme 
resulted  in  slightly  better  performance  on  segment  1 for  the 
auditory  task  in  comparison  to  the  extensive  training 
scheme.  Furthermore,  extensive  training  subjects  were  more 
accurate  than  limited  training  subjects  for  segments  1 and  5 
in  the  different  relative  timing  task.  However,  the 
opposite  was  true  from  segments  2 through  4 in  the  same 
task. 

Within-subiect  variability.  SD  scores  were  calculated 
based  on  the  data  derived  from  the  three  transfer  tasks. 

They  were  submitted  to  a2x2x3x5  (Training  x Hand  x 
Task  x Segment)  mixed  design  ANOVA.  The  analysis  revealed 
three  main  effects:  training  (F(l,  44)  = 12.80,  pc. 001), 

task  (F(2,  88)  = 45.94,  p<.0001),  and  segment  (F(4,  176)  = 
81.77,  pc.OOOl).  Two  significant  two-way  interactions  were 
noted:  Task  x Hand,  F(2,  88)  = 7.19,  p<.01  and  Task  x 

Segment,  F(8,  352)  = 5.39,  gc.0001.  There  was  only  one 
significant  three-way  (Task  x Segment  x Training) 
interaction,  F(8,  352)  = 4.62,  pc. 0001. 

Due  to  the  importance  of  the  task  main  effect,  Tukey's 
HSD  test  was  applied  to  the  data.  Results  indicated  that 
the  auditory  task  displayed  the  lowest  variability,  followed 
by  the  same  relative  timing  task.  The  different  relative 
timing  task  was  characterized  by  the  highest  variability. 
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Task 


Figure  9 . 


Mean  SD  for  the  two  effector  conditions  as 
a function  of  transfer  tasks  during 
transfer. 
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Simple  main  effects  analysis  of  the  Task  x Hand 
interaction  (see  Figure  9)  indicated  that  the  single— hand 
condition  led  to  more  consistency  than  the  between-hand 
condition  in  the  same  relative  timing  task.  However,  the 
reverse  occurred  in  the  different  relative  timing  task.  In 

the  auditory  task,  however,  equivalent  variability  was 
found. 

Simple  main  effects  tests  of  the  Task  x Segment  x 
Training  interaction  (see  Figure  10)  indicated  that  the 
extensive  training  condition  contributed  to  less  variability 
as  compared  to  the  limited  training  condition  for  segments 
3,  4,  and  5 in  the  auditory  task;  for  segments  4 and  5 in 
the  same  relative  timing  task;  and  for  segments  1 and  2 in 
the  different  relative  timing  task.  For  segment  1, 
variability  performance  was  equivalent  for  the  auditory  and 
same  relative  timing  tasks.  For  segment  2,  performance  was 
equivalent  in  the  same  relative  timing  task.  A scrutiny  of 
the  task  effect  in  the  Task  x Segment  x Training  interaction 
revealed  that  the  extensive  training  condition  favored  the 
task  main  effect  finding  with  only  one  exception.  The 
limited  training  condition,  however,  generated  four  results 
that  conflicted  with  the  task  main  effect  finding. 

Phasing.  The  proportion  of  time  for  each  segment  was 
calculated  for  subjects  in  blocks  of  20  trials.  The  three 
tasks  included  the  same  and  relative  timing  tasks  as  well  as 
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Mean  SD  for  the  training  schemes  and  tasks 
as  a function  of  segments. 
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the  last  block  of  20  trials  from  the  original  training  task. 
The  reason  that  the  different  relative  timing  task  was 
removed  from  this  analysis  was  that  it  was  designed  to  be 
different  from  the  other  two  transfer  tasks  in  phasing  and 
its  inclusion  did  not  contribute  to  the  understanding  of  the 
problems  involved.  Rather,  a comparison  between  the 
transfer  tasks  and  the  training  task  which  contained  the 
same  relative  timing  was  felt  to  be  more  informative.  Thus, 
a2x2x3x5  (Training  x Hand  x Task  x Segments)  mixed 
design  ANOVA  was  conducted.  There  was  one  significant  main 
effect,  for  segment,  F(4,  176)  = 729.42,  p<.0001.  Two  two- 
way  interactions  were  observed  to  be  significant:  Segment  x 

Training  (F(4,  176)  = 16.83,  pc. 0001)  and  Task  x Segment 
(F(8,  352)  = 9.10,  pc. 0001).  Finally,  two  three-way 
interactions  were  significant:  Task  x Segment  x Training 

(F(8,  352)  = 2.77,  pc. 01)  and  Task  x Segment  x Hand  (F(8, 
352)  = 2.38,  pc. 05) . 

The  most  important  finding  was  the  Task  x Segment  x 
Training  interaction  (see  Figure  11) . Simple  main  effects 
tests  indicated  that  subjects  in  the  extensive  and  limited 
training  conditions  had  significantly  different  phasing 
characteristics  in  segments  2,  3,  4,  and  5 for  the  three 
tasks.  The  exception  was  segment  1 where  the  same  relative 
timing  transfer  task  displayed  eguivalent  performance  for 
subjects  representing  both  training  schemes. 
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In  addition,  under  the  extensive  training  condition, 
equivalent  phasing  characteristics  were  observed  for  the 
auditory  task  and  the  same  relative  timing  task  as  well  as 
for  the  last  block  of  training  data  across  the  five 
segments.  The  two  transfer  tasks  displayed  similar  phasing 
characteristics  under  the  limited  training  condition. 
However,  for  segments  1 to  4,  the  training  task  showed  very 
different  timing  characteristics  in  comparison  to  the  two 
transfer  tasks.  Equivalence  was  found  for  all  three  tasks 
in  segment  5. 

Summary 

Analyses  of  three  dependent  measures  based  on  the 
training  data  revealed  two  important  findings.  First,  when 
training  was  limited,  effectors  played  an  important  role  in 
determining  the  timing  characteristics,  but  sufficient 
training  eliminated  the  initial  differences  caused  by  the 
use  of  different  effector  conditions.  Second,  the  extensive 
training  scheme  led  to  better  accuracy,  less  variability, 
and  more  pronounced  modification  of  phasing  characteristics 
in  comparison  to  the  limited  training  condition.  However, 
extensive  training  had  differential  effects  on  the  segments 
with  different  prescribed  time  durations. 

Transfer-related  findings  led  to  the  following 
observations.  First,  when  the  relative  timing  structure  was 
maintained,  performance  accuracy  was  better  and  variability 
was  lower  than  when  a different  timing  structure  was 
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introduced.  Second,  the  better  transfer  performances 
associated  with  the  auditory  task  as  compared  with  the  other 
tasks  could  be  partially  attributed  to  the  special 
mechanisms  underlying  auditory  signal  processing.  Finally, 
when  training  was  sufficient,  the  factor  that  determined  the 
quality  of  performance  was  the  timing  structure,  not  the 
hand  effector. 

Experiment  2 

The  tasks  in  this  experiment  required  subjects  to  press 
six  keys  without  any  particular  temporal  constraints 
specific  to  each  individual  segment  except  that  each  press 
had  to  be  completed  as  quickly  and  accurately  as  possible. 
The  primary  dependent  measures,  within-subject  variability, 
phasing,  and  MT  were  computed  in  blocks  of  20  trials  for 
each  of  the  five  segments.  The  number  of  errors  was 
calculated  as  a criterion  (less  than  10%  in  training)  for 
inclusion  in  the  data  analysis.  Two  subjects  were  removed 
due  to  performing  below  this  criterion.  They  were  replaced. 
Tukey ' s HSD  test  was  used  for  all  follow-up  mean 
comparisons,  as  appropriate.  The  data  are  presented  in  the 
same  way  as  in  Experiment  1. 

As  in  Experiment  1,  three  dependent  measures  were 
analyzed.  Unlike  Experiment  1,  MT  constituted  a dependent 
measure  instead  of  RMSE.  Each  measure  contributed  in 
different  ways  to  answering  questions  related  to  the 
hypotheses.  For  instance,  the  MT  data  indicated  whether 
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subjects  had  followed  experimental  requirements  during 
training  as  well  as  during  the  transfer.  In  addition,  it 
provided  information  regarding  phasing  characteristics.  The 
within-subject  variability,  coupled  with  MTs , revealed  the 
quality  of  timing  performance.  The  proportion  of  time  data 
was  used  as  a direct  index  of  phasing  characteristics. 
Training  Phase 

Within-subject  variability.  A 2 x 16  x 5 (Hand  x Trial 
Block  x Segment)  mixed  design  ANOVA  performed  on  the  mean  SD 
scores  revealed  one  reliable  main  effect,  for  trial  block 
(see  Figure  12),  F(15,  330)  = 10.49,  p<.0001).  Tukey's  HSD 
follow-up  test  showed  that  variability  gradually  decreased 
as  a function  of  training.  In  particular,  timing 
variability  was  significantly  reduced  in  blocks  2 (M  = 30 
ms)  and  3 (M  = 31  ms)  as  compared  with  block  1 (M  = 37  ms) . 
Significant  reductions  started  in  block  7 (M  = 23.82). 

After  that,  SD  performance  became  relatively  stable.  A 
slight  but  significant  decrease  in  variability  was  observed 
in  the  last  block  as  compared  with  blocks  7 to  11. 

To  assess  the  performance  changes  as  a function  of 
different  training  schemes  and  effector  conditions,  a 2 x 2 
x 3 x 5 (Training  x Hand  x Trial  Block  x Segment)  mixed 
design  ANOVA  was  run  on  the  last  three  blocks  of  the 
extensive  training  data  and  the  three  blocks  of  limited 
training  data.  Eight  significant  findings  were  identified. 
There  were  three  significant  main  effects:  training  (F(l, 
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44)  = 40.18,  p<.0001),  hand  (F(l,  44)  = 9.52,  p<.01),  and 
segment  (F(4,  176)  = 3.02,  £<.05).  In  addition,  three 
significant  two-way  interactions  were  revealed.  They  were 
Trial  Block  x Training  (F(2,  88)  = 6.01,  p<.01),  Segment  x 
Training  (F(4,  176)  = 6.51,  p<.001),  and  Trial  Block  x 
Segment  (F(8,  352)  = 3.42,  p<.001).  Finally,  the  Trial 
Block  x Segment  x Training  interaction  was  significant,  F(8, 
352)  = 3.64,  p<. 001. 

The  hand  main  effect  indicated  that  the  single-hand 
condition  contributed  to  less  variability  than  the  between- 
hand  condition.  Furthermore,  follow-up  procedures  were 
conducted  for  the  data  representing  the  Trial  Block  x 
Segment  x Training  interaction  (see  Figure  13) . Figure  13 
indicates  that  variability  on  each  segment  across  three 
trial  blocks  for  the  extensive  training  subjects  was 
uniformly  smaller  than  for  the  limited  training  subjects, 
with  exceptions  in  three  places  (segment  4 for  block  2, 
segment  5 for  block  1,  and  segment  5 for  block  2)  where 
equivalent  performance  was  observed. 

An  examination  of  each  individual  segment  within  the 
two  extensive  training  groups  revealed  that  consistency 
performance  was  equivalent  under  all  three  trial  blocks.  As 
for  the  limited  training  groups,  variability  performance  in 
segments  1 and  2 continually  improved  from  trial  block  1 to 
block  3,  while  performance  in  segment  3 levelled  off  in 
trial  block  2.  Consistency  performance  was  equivalent  for 
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blocks  1 and  2 in  segment  4 . It  deteriorated  in  trial  block 
3 relative  to  block  2.  For  segment  5,  variability  did  not 
show  changes  as  a result  of  training. 

Finally,  post  hoc  mean  comparisons  on  the  segment  main 
effect  indicated  that  segment  5 displayed  the  best 
performance,  followed  by  segments  2,  3,  and  4,  which  in  turn 
were  equivalent  in  variability.  Segment  1 yielded  the  worst 
consistency  performance.  A scrutiny  of  the  segment  data  in 
the  Trial  Block  x Segment  x Training  interaction  showed  that 
the  high  variability  in  segment  1 was  mainly  derived  from 
the  two  limited  training  groups.  Performance  among  segments 
in  the  last  three  blocks  were  equivalent  in  the  extensive 
training  condition. 

For  the  limited  training  condition,  variability 
performance  varied  tremendously  among  segments  in  trial 
block  1,  with  segment  1 displaying  the  highest  variability 
followed  by  segments  2,  3,  4,  and  5.  The  differences  among 
segments  began  to  decrease  in  blocks  2 and  3,  with  only 
segments  1 and  2 showing  more  variability  than  the  remaining 
segments,  which  were  equivalent.  Equivalence  was  found 
among  the  five  segments  in  block  3 except  that  segment  4 
displayed  more  variability  than  segment  2. 

Phasing.  To  assess  the  effects  of  extensive  training 
on  phasing  characteristics,  a 2 x 16  x 5 (Hand  x Trial  Block 
x Segment)  mixed  design  ANOVA  was  applied  to  the  16  blocks 
of  mean  time  proportion  scores.  There  was  one  significant 
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main  effect  for  segment,  F(4,  88)  = 70.27,  £<.0001.  Two 
significant  two-way  interactions  were  found,  i.e..  Segment  x 
Hand  (F(4,  88)  = 142.26,  £<.0001)  and  Trial  Block  x Segment 
(F(60,  1320)  = 5.53,  £<.0001).  The  only  three-way  (Trial 
Block  x Segment  x Hand)  interaction  was  significant,  F(60, 
1320)  = 5.44,  £<.0001  (see  Figure  14).  The  simple  main 
effects  tests  for  the  three-way  interaction  indicated  that, 
throughout  16  trial  blocks,  the  single-hand  condition  was 
uniformly  different  from  the  between— hand  condition  across 
the  five  segments  in  terms  of  temporal  ratios  (Figure  15) . 
More  specifically,  segments  1 and  4 for  the  single-hand 
condition  shared  a much  larger  proportion  of  the  total 
sequence  duration  than  their  counterparts  for  the  between- 
hand  condition.  Segments  2,  3,  and  5 for  the  single-hand 
condition,  on  the  other  hand,  had  a smaller  proportion 
relative  to  their  counterparts  for  the  between-hand 
condition , respectively . 

It  was  also  found  that  the  proportion  for  each  segment 
for  subjects  in  the  single-hand  condition  was  consistently 
the  same  from  trial  blocks  1 to  16.  However,  for  subjects 
in  the  between-hand  condition,  the  phasing  characteristics 
for  each  segment  witnessed  remarkable  modifications.  In 
particular,  the  mean  time  proportions  for  segments  1 and  4 
decreased  from  block  1 to  block  5 and  from  1 to  10 
respectively.  The  timing  relationships  among  the  five 
segments  did  not  change  during  the  last  six  blocks. 


Mean  Proportions  of  Time 


124 


Extensive  Training 
O—  Single-Hand 
A""“  Bet  ween -Hand 


Limited  Training 

Single-Hand 
Between-Hand 


0 . 0 i i I i i 

1 2 3 4 5 

Segment 


Mean  proportions  of  time  for  the  training 
schemes  and  effector  conditions  as  a 
function  of  segments  during  training. 


Figure  15. 


125 


The  mean  proportions  for  different  segments  varied  with 
different  training  schemes.  For  the  extensive  training 
scheme,  the  order  in  which  the  five  segments  occupied  mean 
time  proportions  ranging  from  large  to  small  was  segments  4, 
1,  3,  2,  and  5,  with  segments  1 and  3 showing  equivalent 
proportions.  As  for  the  limited  training  scheme,  the  five 
segments  had  very  different  phasing  data  with  the 
proportions  for  segments  1 and  4 decreasing  and  the  rest  of 
segments  increasing. 

A2x2x3x5  (Training  x Hand  x Trial  Block  x 
Segment)  mixed  design  ANOVA  was  conducted  on  the  last  three 
blocks  of  the  extensive  training  data  and  the  three  blocks 
of  the  limited  training  data.  Significant  findings  included 
one  main  effect,  three  two-way  interactions,  and  three 
three-way  interactions.  The  segment  main  effect  was  found 
to  be  significant,  F(4,  176)  = 79.87,  p<.0001.  The  three 
significant  two-way  interactions  included  Segment  x Training 
(F(4,  176)  = 15.57,  pc. 0001),  Segment  x Hand  (F(4,  176)  = 
209.67,  pc. 0001),  and  Trial  Block  x Segment  (F(8,  352)  = 
4.16,  pc. 0001).  The  three-way  interactions  were  Segment  x 
Training  x Hand  (F(4,  176)  = 11.59,  pc. 0001),  Trial  Block  x 
Segment  x Training  (F(8,  352)  =4.16,  pc. 0001),  and  Trial 
Block  x Segment  x Hand  (F(8,  352)  =2.08,  pc. 05). 

A follow-up  test  of  the  Segment  x Training  x Hand 
interaction  (Figure  15)  indicated  that  subjects  trained  with 
the  single-hand  condition  from  both  the  extensive  and 
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limited  training  groups  were  equivalent  across  five  segments 
in  phasing  characteristics.  As  for  the  subjects  trained 
with  the  between— hand  condition,  extensive  and  limited 
training  led  to  very  different  phasing  characteristics. 

Figure  16  displays  the  Trial  Block  x Segment  x Training 
interaction.  Follow-up  analysis  indicated  the  following 
results.  First,  across  five  segments  over  three  trial 
blocks,  extensive  training  led  to  significantly  different 
phasing  characteristics  without  exception,  relative  to  the 
limited  training  condition.  Second,  phasing  characteristics 
were  equivalent  over  three  trial  blocks  for  all  five 
segments  for  extensive  training  subjects.  Finally,  within 
the  limited  training  scheme,  timing  characteristics  were 
different  for  all  three  segment  Is,  with  block  3 occupying  a 
smaller  proportion  than  block  1.  However,  the  three  segment 
2s  and  three  segment  3s  were  equivalent  within  themselves. 
Segment  4 in  block  1 had  a smaller  proportion  than  segment  4 
in  block  3 while  the  segment  in  block  2 was  equivalent  to 
both  of  them.  Finally,  Segment  5s  for  blocks  2 and  3 were 

equivalent  in  time  proportions,  but  they  were  larger  than 
block  1. 

Figure  17  shows  the  Trial  Block  x Segment  x Hand 
interaction.  Follow-up  analysis  revealed  that  subjects  in 
the  between-hand  condition  had  clearly  different  timing 
characteristics  in  comparison  to  those  in  the  single-hand 
condition  across  the  three  trial  blocks  over  the  five 
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segments.  Further  analysis  indicated  that  the  single-hand 
condition  led  to  equivalent  phasing  features  within  each 
segment  within  each  hand  condition.  Nonetheless,  the 
between-hand  condition  generated  differential  phasing 
profiles  for  three  segment  Is  and  for  segment  5 in  block  1 
and  segment  5 in  block  3 . Equivalence  across  three  blocks 
was  shown  in  segments  2 , 3 , and  4 . 

MTs.  The  analysis  of  MTs  was  intended  to  insure  that 
the  only  timing  constraint  imposed  (i.e.,  as  quickly  as 
possible)  was  observed  by  all  subjects.  Improvement  in 
speed  as  a function  of  time  could  be  used  as  evidence.  In 
addition,  MT  data  could  also  demonstrate  timing 
characteristics  associated  with  different  training  schemes 
and  effector  conditions. 

A 2 x 16  x 5 (Hand  x Trial  Blocks  x Segment)  mixed 
design  ANOVA  was  conducted  on  the  mean  MTs.  The  trial  block 
main  effect  was  found  to  be  significant,  F(15,  330)  = 45.93, 
pc.0001,  as  well  as  the  segment  main  effect,  F(4,  88)  = 
57.70,  p<.0001.  There  are  two  two-way  significant 
interactions:  Segment  x Hand  (F(4,  88)  = 123.74,  p<.0001), 

and  Trial  Block  x Segment  (F(60,  1320)  = 3.05,  p<.0001). 

The  Trial  Block  x Segment  x Hand  interaction  was  also 
significant,  F(60,  1320)  = 1.74,  p<.001. 

Simple  main  effects  analysis  on  the  Segment  x Hand 
interaction  (see  Figure  18)  demonstrated  that  the  single- 
hand condition  led  to  different  MTs  for  each  segment  in 
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Figure  18.  Mean  MTs  for  the  effector  conditions  as  a 

function  of  segments  during  extensive 
training. 
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comparison  to  the  between-hand  condition,  with  the  exception 
of  segment  4 where  equivalent  MTs  were  found.  In 
particular,  it  took  longer  for  subjects  in  the  single-hand 
condition  to  complete  segment  1 than  subjects  in  the 
between-hand  condition.  However,  for  segments  2,  3,  and  5, 
the  reverse  was  found.  Note  that  the  MTs  for  the  single- 
hand subjects  to  complete  segments  1 and  4 were 

approximately  half  of  what  was  shown  for  the  between-hand 
subjects. 

Follow-up  analysis  on  the  Trial  Block  x Segment  x Hand 
analysis  elaborated  on  the  Segment  x Hand  interaction  (see 
Figure  19)  findings.  Several  important  points  should  be 
mentioned.  First,  different  effector  conditions  contributed 
to  different  MT  profiles.  These  differences  existed  at  the 
very  beginning  and  remained  until  the  end,  with  segments  1 
and  4 displaying  a widening  gap  between  the  two  hand 
conditions  as  training  proceeded.  Second,  MTs  decreased 
significantly  as  a result  of  extensive  training  for  both 
hand  conditions.  However,  the  points  where  performance 
began  to  level  off  differed  from  segment  to  segment  and 
changed  as  a function  of  hand  conditions.  For  instance, 
performance  in  segment  1 for  the  single-hand  condition 
started  levelling  off  at  trial  block  4 to  block  15,  when  a 
slight  but  significant  improvement  was  detected.  Within  the 
same  single-hand  condition,  performance  levelled  off  for 
segment  2 at  trial  block  8.  As  for  the  between-hand 
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condition,  performance  segment  5 did  not  show  any  sign  of 
improvement  from  trial  block  4.  Third,  the  rate  of 
improvement  across  trial  blocks  was  different  for  each  hand 
condition  and  different  segments.  For  example,  the 
improvement  for  segment  1 from  block  1 to  block  16  was  65  ms 
for  the  single— hand  condition,  but  95  ms  for  the  between— 
hand  condition.  Another  example  was  that  reductions  of  49 
ms  and  45  ms  in  MT  were  found  on  segment  5 from  block  1 to 
block  16  for  the  single-hand  and  between-hand  conditions, 
respectively . 

A2x2x3x5  (Training  x Hand  x Trial  Block  x 
Segment)  mixed  design  ANOVA  was  applied  to  the  last  three 
blocks  of  mean  MTs  from  the  two  extensive  training  groups 
and  the  three  blocks  from  the  two  limited  training  groups. 
Significant  main  effects  included  training  (F(l,  44)  = 

30.98,  p<.0001),  trial  block  (F(2,  88)  = 44.71,  p<.0001), 
and  segment  (F(4,  176)  = 63.47,  p<.0001).  Four  significant 
two-way  interactions  were  yielded:  Trial  Block  x Training 

(F(2,  88)  = 28.82,  pc.OOOl),  Segment  x Training  (F(4,  176)  = 
9.30,  pc.0001),  Segment  x Hand  (F(4,  176)  = 193.30, 
pc.0001),  and  Trial  Block  x Segment  (F(8,  352)  = 4.67, 
pc.0001).  Also  found  to  be  significant  were  the  Segment  x 
Training  x Hand  interaction,  F(4,  176)  = 3.05,  pc. 05  and  the 
Trial  Block  x Segment  x Training  interaction,  F(8,  352)  = 
5.73,  pc.OOOl. 
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Simple  main  effects  analyses  were  performed  on  the  two 
three-way  interactions.  Figure  20  displays  the  Segment  x 
Training  x Hand  interaction.  MTs  in  the  five  segments  for 
the  last  three  blocks  of  the  extensive  training  groups  were 
faster  than  their  counterparts  for  the  limited  training 
groups.  In  addition,  for  both  training  schemes,  MTs  on 
segments  1 and  4 for  the  single-hand  condition  were  slower 
than  their  counterparts  for  the  between-hand  condition.  MTs 
in  segments  2,  3,  and  5 for  the  single-hand  condition  were 
faster  than  their  counterparts  for  the  between-hand 
condition  with  only  one  exception.  That  is,  MTs  in  segment 
3 for  both  hand  conditions  were  equivalent.  Furthermore, 
the  differences  between  the  single-hand  and  between-hand 
conditions  on  the  five  segments  for  the  extensive  training 
scheme  were  100,  47,  37,  113,  113,  and  37  ms,  respectively. 
For*  the  limited  training  scheme,  these  corresponding 
differences  were  82,  22,  7,  107,  and  57  ms. 

Figure  21  displays  the  Trial  Block  x Segment  x Training 
interaction.  Follow-up  analysis  revealed  two  important 
findings.  First,  MTs  for  each  and  every  one  of  the  five 
segments  across  three  trial  blocks  for  the  extensive 
training  scheme  were  shorter  than  those  for  the  limited 
training  scheme.  Second,  the  extensive  training  condition 
led  to  equivalent  MT  performance  for  blocks  14  and  15. 

There  was  a slight  but  significant  improvement  in  trial 
block  16  for  segments  1 to  4 . Segment  5 displayed 
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equivalent  MTs  across  three  blocks.  On  the  other  hand,  the 
limited  training  condition  contributed  to  constant 
improvements  in  MT  performance  from  blocks  1 to  3 across  the 
five  segments. 

Transfer  Phase 

Within-subi ect  variability.  To  evaluate  the  effects  of 
initial  training  on  timing  performance,  a2x2x2x5 
(Training  x Hand  x Task  x Segment)  mixed  design  ANOVA  was 
applied  to  the  data  of  two  transfer  tasks  (the  50%  speed 
task  and  the  direction  reversal  task) . The  significant  main 
effects  were  for  task  (F(l,  44)  = 201.11,  p < .0001),  with 
the  50%  speed  task  showing  more  variability  than  the 
direction  reversal  task;  and  segment  (F(4,  176)  = 4.75, 

P< .0001) . The  Trial  Block  x Segment  interaction  was 
significant,  F(4,  176)  = 2.89,  pc. 01.  The  three-way  (Trial 
Block  x Segment  x Hand)  interaction  was  also  significant, 

F (4 , 176)  = 3.11,  p<. 05. 

Simple  main  effects  analysis  for  the  data  of  the  Task  x 
Segment  x Training  interaction  (F(4,  176)  = 3.11,  pc. 05) 
revealed  the  following  trends  (see  Figure  22) . First,  there 
was  uniformly  more  variability  for  the  50%  speed  task  than 
for  the  direction  reversal  task  across  five  segments  under 
both  the  extensive  and  limited  training  conditions.  Second, 
for  the  direction  reversal  task,  extensive  training  subjects 
demonstrated  equivalent  performance  in  comparison  to  limited 
training  subjects  across  five  segments.  Third,  for  the  50% 
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Figure  22.  Mean  SD  for  the  two  transfer  tasks  and 

training  schemes  as  a function  of  segments 
during  transfer. 
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speed  task,  extensive  training  led  to  less  variability  in 
segments  1 and  2.  However,  SD  performance  was  equivalent 
for  both  training  schemes  in  segments  3,  4,  and  5. 

Phasing.  Another  2 x 2 x 3 x 5 (Training  x Hand  x Task 
x Segment)  mixed  design  ANOVA  was  performed  on  the  ratio 
data  of  two  transfer  tasks  and  the  last  block  of  the 
training  data.  There  was  one  significant  main  effect: 
segment,  F(4,  176)  = 73.38,  p < .0001.  Three  significant 
two-way  interactions  were  found:  Segment  x Training  (F(4, 

176)  = 5.01,  pc. 001),  Segment  x Hand  (F(4,  176)  = 100.98, 
p< .0001) , and  Task  x Segment  (F(8,  352)  = 149.64,  pc. 0001). 
There  were  three  significant  three-way  interactions: 

Segment  x Training  x Hand  (F(4,  176)  = 2.83,  pc. 05),  Task  x 
Segment  x Training  (F(8,  352)  = 8.03,  pc. 0001),  and  Task  x 
Segment  x Hand  (F(8,  352)  = 130.06,  pc. 0001) . The  four— way 
(Task  x Segment  x Training  x Hand)  interaction  was  also 
significant,  F(8,  352)  = 6.73,  pc. 0001. 

Follow-up  analysis  was  conducted  on  the  Task  x Segment 
x Training  x Hand  interaction  data  (see  Table  3) . Because 
of  the  complexity  of  the  four-way  interaction,  analyses  were 
made  of  the  three-way  interactions  within  the  four-way 
interaction  while  holding  the  fourth  factor  constant. 

Examined  first  was  the  Task  x Segment  x Hand 
interaction  under  the  extensive  training  condition. 

Extensive  training  under  the  single-hand  condition  led  to 
equivalent  phasing  relationships  between  the  last  block  of 
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Table  3 

The  Task  x Segment  x Training  x Hand  for  Phasing  Data 
During  Transfer 


Segment 

Task 

50%  Speed 
_ • ** 
Dir  Rever 

Training 

1 2 
Single-Hand 

2 4 5 

and  Extensive  Training 

0.199 

0.237 

0.208 

0.184 

0.160 

0.187 

0.217 

0.215 

0.209 

0.224 

0.207 

0.231 

0.176 

0.181 

0.165 

Between-Hand 

and  Extensive  Training 

50%  Speed 

0.198 

0.186 

0.213 

0.225 

0.177 

Dir  Rever 

0.252 

0.161 

0.212 

0.192 

0.184 

Training 

0.094 

0.263 

0.278 

0.102 

0.263 

Single-Hand  and  Limited  Training 

50%  Speed 

0.206 

0.187 

0.214 

0.215 

0.181 

Dir  Rever 

0.247 

0.152 

0.221 

0.202 

0.178 

Training 

0.211 

0.181 

0.212 

0.236 

0.160 

Between-Hand  and  Limited  Training 

50%  Speed 

0.203 

0.194 

0.214 

0.219 

0.171 

Dir  Rever 

0.243 

0.160 

0.212 

0.195 

0.190 

Training 

0.140 

0.228 

0.245 

0.142 

0.245 

Notes:  * The  unit  is  percentage. 

**  Dir  Rever  represents  directional  reversal. 
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training  data  and  the  50%  speed  transfer  task.  On  the  other 
hand,  they  were  different  from  the  direction  reversal 
transfer  task,  except  in  segment  2.  Meanwhile,  extensive 
training  under  the  between-hand  condition  resulted  in 
different  phasing  characteristics  among  the  50%  speed  task, 
the  direction  reversal  task,  and  the  last  block  of  the 
training  task  except  on  segments  3 and  5 where  the  two 
transfer  tasks  were  equivalent.  This  finding  suggests  that 
the  timing  features  associated  with  the  extensive  training 
under  the  between-hand  condition  did  not  carry  over  to  the 
transfer  tasks  at  all,  while  it  occurred  under  the  single- 
hand condition. 

Next,  the  Task  x Segment  x Hand  interaction  was 
examined  under  the  limited  training  condition.  There  were 
two  interesting  findings.  First,  under  the  single-hand 
condition,  the  time  ratios  for  segments  1,  2,  and  3 were 
equivalent  for  the  50%  speed  task  and  the  last  block  of  the 
training  task.  They  were  different  for  segments  4 and  5. 

In  comparison  to  the  two  tasks,  the  direction  reversal  task 
generated  different  phasing  data  under  the  single-hand 
condition  except  on  segment  5 where  the  two  transfer  tasks 
were  equivalent.  Second,  the  between-hand  condition  led  to 
very  different  phasing  data  for  the  three  tasks  involved 
with  only  one  exception  where  equivalence  was  observed 
between  the  transfer  tasks  on  segment  3 . 
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MTs.  Similar  to  the  analysis  of  variability  transfer 
data,  a2x2x2x5  (Training  x Hand  x Task  x Segment) 
mixed  design  ANOVA  was  undertaken  for  the  MT  data  for  two 
transfer  tasks.  The  main  effects  for  task  and  segment  were 
significant,  F(l,  44)  = 647.30,  p<.01  and  F(4,  176)  = 

157.20,  pc *0001*  The  Task  x Training  interaction.  Task  x 
Hand  interaction,  and  Task  x Segment  interaction  were  also 
significant,  F(l,  44)  = 6.28,  p<.05;  F(l,  44)  = 9.17,  p<.01 
and  F (4 , 176)  = 68.14,  £<.0001. 

Simple  main  effects  tests  were  conducted  on  the  three 
two-way  interactions.  For  the  Task  x Training  interaction 
(see  Figure  23) , MTs  for  the  direction  reversal  task  were 
longer  than  for  the  50%  speed  task.  However,  the  extensive 
training  led  to  an  even  faster  MT  as  compared  to  the  limited 
training  condition.  Follow-up  analysis  for  the  Task  x Hand 
interaction  (see  Figure  24)  indicated  that  between-hand 
performance  was  faster  than  single-hand  performance  in  the 
50%  speed  task.  Nonetheless,  the  hand  conditions  did  not 
result  in  a significant  difference  in  the  direction  reversal 
task.  Finally,  simple  main  effects  tests  for  the  Task  x 
Segment  interaction  data  showed  that  all  segments  for  the 
50%  speed  task  had  longer  MTs  than  their  counterparts  for 
the  direction  reversal  task.  However,  the  differences 
between  the  two  tasks  in  segments  2 and  4 were  much  larger 
than  those  in  the  remaining  segments. 
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Figure  23.  Mean  MTs  for  the  training  schemes  as  a 

function  of  transfer  tasks  during  transfer. 
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Task 


Figure  24.  Mean  MTs  for  the  two  effector  conditions  as 

a function  of  transfer  tasks  during 
transfer. 


145 


Summary . 

Analyses  of  the  training  data  led  to  the  following 
findings.  First,  the  effector  conditions  mainly  determined 
the  phasing  characteristics  during  training  irrespective  of 
training  schemes.  Second,  the  type  of  training  also 
affected  variability  and  MT  performances,  with  the  extensive 
training  condition  leading  to  less  variability  and  faster 
MTs  than  the  limited  training  condition.  Finally,  the 
phasing  characteristics  for  subjects  trained  with  the 
single-hand  condition  were  constant  all  the  time,  but  they 
varied  for  subjects  trained  with  the  between-hand  condition. 

Analyses  of  the  transfer  data  indicated  the  following. 
First,  the  SD  and  MT  performances  did  not  vary  as  a result 
of  type  of  training  and  effector  conditions.  Instead,  they 
varied  according  to  the  internal  structure  of  the  tasks. 
Second,  the  phasing  characteristics  were  determined  by  the 
effector  conditions  and  the  nature  of  the  tasks.  It  seemed 
that  performance  was  independent  of  initial  training. 


CHAPTER  5 


DISCUSSION,  SUMMARY,  CONCLUSIONS,  AND  IMPLICATIONS  FOR 

FURTHER  RESEARCH 
Discussion 

In  this  study,  there  was  no  direct  examination  of  a 
specific  mechanism  for  temporal  organization  involved  in 
performing  motor  skills  that  contain  sequential  acts. 
Rather,  an  attempt  was  made  to  test  several  significant 
hypotheses  related  to  the  nature  of  timing  control 
mechanisms  in  this  study.  One  of  them  was  that  timing 
mechanisms  in  general  vary  as  a function  of  the  nature  of 
tasks  and  the  performer's  level  of  skill.  The  most 
important  assumption  behind  this  research  is  that  human 
beings  have  access  to  a variety  of  mechanisms  for  timing 
control  in  motor  skills  (Kolers  & Brewster,  1985)  and  that 
those  motor  control  mechanisms  (including  timing  control) 
are  subject  to  training  (Abbs  & Weinstein,  1990) . Two 
separate  experiments  were  conducted  to  investigate  the 
related  issues.  Each  experiment  contributed  to  resolving  a 
number  of  questions  raised.  However,  it  is  the  comparison 
and  contrast  of  the  two  experiments  that  reveal  relevant 
information  with  respect  to  the  hypotheses  generated  for 
this  study. 
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The  discussion  will  be  organized  in  the  following 
manner.  First,  the  results  from  both  experiments  will  be 
discussed  separately.  Within  each  experiment,  exploration 
of  the  data  from  the  training  phase  will  precede  the 
discussion  of  the  data  from  the  transfer  phase.  This  will 
be  followed  by  a general  discussion,  summarizing  both 
experiments  and  making  appropriate  inferences. 

Experiment  1 

The  primary  purpose  of  Experiment  1 was  to  examine  the 
effect  of  amount  of  training  and  effector  conditions  on  the 
acquisition  of  timing  properties  associated  with  several 
related  sequential  movements.  The  particular  timing 
constraint  for  these  sequential  movements  was  that  a 
different  movement  time  goal  was  associated  with  each 
segment.  These  time  goals  were  signaled  by  a display  of 
flashing  lights  on  the  computer  monitor.  Subjects  had  to 
press  six  keys  in  a correct  order  to  reproduce  the  intertap 
interval  between  keys.  Several  important  findings  emerged 
from  this  experiment. 

Training  Phase.  One  of  the  predictions  in  hypothesis  1 
was  that  the  amount  of  training  would  affect  timing 
performance,  hence  the  mechanisms  underlying  timing  control, 
given  that  the  task  involved  was  novel.  That  is, 
qualitative  differences  would  occur  when  training  was 
sufficiently  prolonged.  The  present  data  support  this 
prediction.  Analysis  indicated  that  performance  related  to 
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timing  accuracy  (i.e.,  RMSE)  and  within-subject  variability 
improved  significantly  as  a function  of  training,  especially 
extensive  training.  Specifically,  performance  during  the 
last  three  blocks  were  much  better  than  during  the  first 
three  blocks  within  the  extensive  training  groups.  In 
addition,  the  extensive  training  condition  led  to  increased 
accuracy  and  decreased  variability  in  the  last  three  blocks 
in  comparison  to  the  limited  training  condition. 

Furthermore,  remarkable  modifications  of  the  phasing 
characteristics  in  the  timing  task  were  observed  under  the 
extensive  training  condition.  In  other  words,  the  mean 
proportion  of  time  for  each  segment  was  different  at  the  end 
of  extensive  training  when  it  was  compared  with  what  it  was 
at  the  beginning  of  the  training  or  in  the  two  limited 
training  groups.  These  phasing  changes,  coupled  with 
increased  accuracy  and  decreased  variability  data,  suggest 
that  the  related  mechanisms  were  adjusted  by  subjects  for 
better  accomplishing  the  prescribed  time  goals.  The  results 
are  consistent  with  previous  findings  (e.g.,  Genest,  1956; 
Gentner,  1983,  1987)  which  indicate  that  sufficient  training 
could  result  in  qualitatively  different  performances.  Since 
the  primary  goal  of  the  training  task  was  temporal 
organization  in  a sequential  movement,  the  relatively  stable 
phasing  at  the  end  of  extensive  training  together  with 
enhanced  accuracy  and  decreased  variability  as  compared  to 
the  early  training  phase  serves  as  an  indicator  of  a shift 
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from  direct  visual  control  to  some  type  of  internal  control 
(Pew,  1974;  Summers,  1975).  This  is  because  direct  visual 
control  of  movements  is  often  associated  with  low  skill, 
accompanied  by  pronounced  variability  and  high  error  rate. 
According  to  Schmidt  (1975,  1988a),  the  phenomenon  of 
internal  control  results  from  the  formation  of  an  abstract 
representation  or  an  invariant  feature  of  a generalized 
motor  program:  relative  timing.  However,  to  seek  further 

confirmation  of  the  formation  of  a centralized  phasing 
control  parameter,  the  transfer  data  need  to  be  examined. 

Hypothesis  1 also  predicted  that  no  differences  in 
timing  accuracy,  variability,  and  phasing  should  occur  in 
the  third  block  in  comparison  to  the  first  block  as  a result 
of  limited  training.  This  prediction  was  only  partially 
supported.  A significant  improvement  in  accuracy  and 
variability  was  noted  as  a function  of  trial  blocks  in  some 
cases.  Also,  there  were  incidences  where  time  proportions 
for  some  segments  increased,  while  time  proportions  for 
other  segments  decreased.  These  results  suggest  that  the 
practice  effect  was  underestimated  and  also  that  training 
did  not  influence  the  five  segments  in  the  same  way. 

Hypothesis  4 predicted  that  timing  performance  would  be 
independent  of  specific  effector  constraints  given  that  a 
certain  skill  level  had  been  reached.  This  prediction  was 
supported.  The  initial  differences  that  had  existed  in  the 
limited  training  programs  between  the  single-hand  condition 
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and  between-hand  condition  across  the  five  segments  of  the 
act  became  much  smaller  as  training  proceeded,  and  even 
disappeared  at  the  end  of  extensive  training.  Timing 
independence  of  effector  conditions  indicates,  from  another 
perspective,  that  sufficient  training  can  change  the  control 
mechanisms  of  timing.  Initial  performance  was  specifically 
related  to  different  effectors.  The  disappearance  of 
initial  differences  between  the  two  effector-conditions 
towards  the  end  of  prolonged  practice  suggests  that  timing 
in  this  context  was  centrally  represented,  despite  effector 
differences.  This  conclusion  is  supported  in  many  studies 
(e.g.,  Keele  et  al.,  1985;  Merton,  1972;  Raibert,  1977; 
Wright,  1990) . For  instance,  Merton  found  striking 
similarities  in  samples  of  a phrase  written  with  the  fingers 
and  wrist  of  the  dominant  hand  and  the  elbow  and  shoulder  of 
the  dominant  limb. 

However,  this  example,  which  lends  strong  support  for 
the  existence  of  motor  programs,  may  not  be  applicable  here. 
The  timing  component  in  writing  is  thought  to  be  different 
from  that  involved  in  the  task  administered  in  Experiment  1. 
The  study  conducted  by  Keele  et  al . (1985)  is  more 

appropriate  to  account  for  the  present  results.  It 
indicated  that  subjects  who  were  effective  at  tapping  with 
their  hands  were  also  good  at  tapping  with  their  feet. 
Different  effectors  appear  to  access  the  same  timing  control 
mechanism. 
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Another  question  raised  in  hypothesis  4 centers  on  the 
point  at  which  the  asymptote  is  reached.  The  criterion  for 
an  asymptote  in  this  experiment  is  defined  to  be  a specific 
trial  block,  after  which  performance  in  the  remaining  trial 
blocks  (at  least  three  trial  blocks  should  be  involved)  is 
not  statistically  different  from  each  other.  On  the  basis 
of  this  criterion,  asymptotes  were  reached  for  the  five 
segments  experiment.  It  should  be  noted  that  the  asymptote 
here  was  relative  to  this  particular  experiment.  No 
prediction  was  made  about  what  would  happen  given  more 
training. 

Finally,  the  five  segments  of  the  act  were  performed 
differently  from  one  another  considering  their  timing 
accuracy,  variability,  and  phasing  performances.  Longer  MTs 
were  associated  with  more  error  and  variability.  This 
finding  was  consistent  with  the  literature  which  indicates 
that  timing  accuracy  is  influenced  by  the  duration  of  time 
intervals,  with  longer  MTs  yielding  more  error  (e.g.,  Newell 
et  al.,  1980;  Schmidt,  1991;  Schmidt,  Zelaznik,  Hawkins, 
Frank,  & Quinn,  1979) . One  explanation  offered  by  Schmidt 
(1991)  is  that  constantly  present  mental  noise  is  positively 
proportional  to  the  amount  of  time  with  which  an  act  is 
executed.  However,  closer  examination  of  the  accuracy  data 
as  a function  of  trial  blocks  revealed  that  segment  3 , which 
had  a time  goal  of  650  ms,  was  improved  more  rapidly  than 
segment  5,  which  had  a 700  ms  time  goal.  If  the  hypothesis 
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was  correct,  timing  error  would  be  proportional  to  MT. 

There  should  be  no  interaction  between  segments  and  trial 
blocks.  Perhaps  another  important  factor  that  could  help 
to  explain  the  present  findings  is  that  timing  performance 
is  limited  by  the  attentional  span  (Brown  & West,  1990) . 
Basically,  the  attentional  span  hypothesis  suggests  that 
there  is  an  ideal  span  of  attention  in  which  information 
processing  mechanism  function  best,  and  that  humans  tend  to 
pay  more  attention  to  items  that  are  situated  in  the 
beginning  of  the  sequence  versus  those  at  the  end  of  the 
sequence.  Information  processing  effectiveness  would 
decline  when  two  many  items  are  involved  in  one  sequential 
movement . 

Transfer  Phase.  The  first  hypothesis  predicted  that 
invariant  relative  timing  features  would  be  acquired 
deliberately  at  the  end  of  extensive  training.  The 
invariant  timing  properties  were  the  abstract  temporal 
relationships  among  the  five  segments  involved  in  the  act. 
Training  data  already  indicated  that  some  temporal  features 
became  quite  prominent  at  the  end  of  extensive  training.  If 
these  temporal  qualities  were  really  acquired,  they  would 
affect  transfer  tasks.  In  other  words,  performance  of  those 
tasks  with  the  same  relative  timing  but  different  absolute 
timing  would  benefit.  Specifically,  when  the  same  relative 
timing  in  a transfer  task  was  required,  extensively-trained 
subjects  should  perform  better  than  limited-trained 
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subjects.  In  the  case  of  a transfer  task  in  which  a 
different  relative  timing  component  was  introduced,  timing 
performance  would  be  expected  to  be  similar  for  all 
subjects,  irrespective  of  training  conditions. 

These  two  hypotheses  were  supported  by  the  transfer 
data.  Performance  in  the  same  relative  timing  task  and  the 
auditory  task  was  better  as  compared  to  the  different 
relative  timing  task.  Exceptions  were  observed  for  the 
first  two  segments,  where  similar  performances  were  found. 
Since  relative  timing  had  been  centrally  represented  as  a 
result  of  extensive  training,  the  better  accuracy  and 
variability  performances  for  the  same  relative  timing  task 
were  expected. 

Transfer  data  provided  evidence  that  extensive  training 
caused  better  results  for  the  same  relative  timing  task  and 
the  auditory  task  in  comparison  to  limited  training 
conditions.  However,  this  was  not  true  with  the  different 
relative  timing  task.  That  is,  the  transfer  data  in  the 
different  relative  timing  task  did  not  strongly  favor  the 
extended  training  groups.  These  findings  suggest  that  the 
abstract  temporal  information  associated  with  the  auditory 
and  the  same  relative  timing  tasks  has  been  learned.  These 
data  combined  to  support  the  first  hypothesis.  The 
superiority  of  the  extensive  training  group  over  the  limited 
training  group  could  only  be  attributed  to  an  established 
abstract  representation  of  the  timing  pattern,  because  the 
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other  conditions  were  held  constant  in  both  the  training  and 
transfer  phases. 

The  superiority  of  the  auditory  task  over  the  other 
conditions  was  expected.  First,  this  transfer  task  retained 
the  same  time  structure  as  the  training  task  except  that  the 
stimulus  was  presented  in  the  auditory  mode.  Second, 
superior  performance  associated  with  the  auditory  task  has 
been  identified  by  other  researchers  (e.g.,  Geldard,  1970; 
Kolers  & Brewster,  1985)  . Since  this  finding  was  upheld  in 
the  present  experiments,  it  can  be  further  suggested  that 
change  of  modality  of  stimulus  presentation  does  not  affect 
timing  performance  as  long  as  the  timing  requirement  is  the 
same. 

Furthermore,  analysis  of  the  Task  x Hand  interaction 
indicates  that  extensive  training  led  to  better  performance 
for  subjects  in  the  single-hand  condition  in  the  same 
relative  timing  and  auditory  transfer  tasks.  However,  the 
opposite  trend  is  the  case  in  the  different  relative  timing 
task.  Perhaps,  some  training  effects  are  associated  with 
effector  conditions.  When  between-hand  subjects  switched  to 
the  single-hand  condition  during  transfer,  their  performance 
suffered.  The  interesting  observation  is  that  this 
disadvantage  did  not  prevent  them  from  doing  better  in  the 
different  timing  task  as  compared  with  the  single-hand 
condition.  The  change  of  relative  timing  apparently  posed 
difficulty  for  subjects  in  the  single-hand  condition  to  make 
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adjustments.  A possible  explanation  is  that  between-hand 
subjects  were  in  a better  position  to  handle  the 
interference  caused  by  a change  in  performance  contexts 
because  they  had  already  made  some  adaptation  when  they  were 
asked  to  change  their  effector  conditions.  The  benefits  for 
subjects  in  the  between-hand  condition  could  be  explained  in 
terms  of  the  higher  contextual  interference  effects  to  which 
they  were  exposed  (see  Shea  & Morgan,  1979)  . 

Another  point  of  interest  is  the  failure  to  reveal  a 
significant  Task  x Training  x Hand  interaction.  These  data 
indicate  that  the  amount  of  training  did  not  differentiate 
the  subjects  trained  under  different  hand  conditions.  This 
finding  was  not  expected.  It  was  predicted  that  when 
training  was  limited,  between-hand  subjects,  once  switched 
to  the  single— hand  condition  during  transfer,  would  perform 
more  poorly  than  their  single-hand  limited  training 
counterparts,  and  much  more  poorly  than  the  single-hand 
extensive  training  subjects.  The  present  results  could  be 
attributed  to  the  possibility  that  60  trials  were  sufficient 
for  subjects  to  become  tuned  to  the  spatial  arrangement  of 
this  task  and  the  subtle  differences  in  terms  of  effector 
conditions . 

Finally,  an  analysis  of  phasing  characteristics  has 
shown  more  evidence  that  an  extensive  training  condition  can 
result  in  the  learning  of  an  abstract  representation  of  the 
temporal  relationships  embedded  in  a training  task.  That 
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is,  under  the  extensive  training  scheme,  equivalent  phasing 
characteristics  were  found  for  each  segment  over  the  two 
transfer  tasks  and  the  last  block  of  training  data. 

However,  the  limited  training  condition  led  to  different 
phasing  features  as  compared  to  the  extensive  training.  In 
addition,  performance  of  the  two  transfer  tasks  yielded 
different  phasing  results  in  comparison  to  the  training 
task.  The  differences  could  be  caused  by  KR  being  withdrawn 
during  transfer.  There  is  evidence  that  timing  control 
mechanisms  can  be  different  when  KR  is  available  as  compared 
with  a no-KR  condition,  because  KR  allows  subjects  to 
reorganize  their  performance  (Young  & Schmidt,  1990) . The 
present  data  suggest  that  some  phasing  modification  occurred 
once  KR  was  withdrawn.  The  fact  that  the  extensive  training 
condition  was  relatively  immune  from  the  effect  of  KR 
withdrawal  as  compared  to  the  limited  condition  further 
indicates  that  learning  was  still  going  on  for  the  latter, 
but  not  for  the  former. 

Experiment  2 

The  training  task  entailed  six  aiming  responses 
(pressing  six  keys)  in  the  same  order  as  in  Experiment  1 to 
be  executed  as  quickly  and  accurately  as  possible.  This 
training  task  was  considered  simpler  than  its  counterpart  in 
Experiment  1.  The  only  requirement  for  the  subjects  was  to 
remember  the  sequence  and  to  press  the  keys  with  maximum 
speed  and  accuracy.  The  intention  was  to  simulate  the  type 
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of  tasks  used  in  timing  studies  involving  such  acts  as 
locomotion  and  typing,  in  which  routines  tend  to  be  well- 
practiced.  In  contrast  to  the  previous  task  in  Experiment 
1,  subjects  did  not  have  to  match  goal  times  as  defined  by 
the  experimenter. 

Training  Phase.  The  first  hypothesis  predicted  that 
training  would  generate  an  impact  on  the  performance  of  the 
task.  This  hypothesis  was  supported.  As  in  Experiment  1, 
within-subject  variability  and  MT  decreased  significantly 
with  training.  In  particular,  performance  was  marked  by 
less  variability  and  faster  MTs  for  the  last  three  blocks  of 
the  extensive  training  scheme  in  comparison  to  the  first 
three  blocks  and  also  in  comparison  to  the  limited  training 
scheme.  Learning  apparently  occurred.  The  ability  to  press 
the  key  sequence  more  quickly  and  consistently  was 
demonstrated . 

As  to  the  timing  characteristics,  a more  complex 
picture  emerged.  Subjects  in  the  single-hand  condition 
demonstrated  fairly  good  consistency  throughout  16  trial 
blocks  of  extensive  training  in  terms  of  mean  time 
proportions.  However,  subjects  in  the  between-hand 
condition  modified  the  timing  characteristics  as  a function 
of  training.  MTs  for  segments  1 and  4 were  shorter, 
therefore,  their  proportions  in  the  total  duration 
decreased.  The  modifications  associated  with  between-hand 
conditions  were  probably  caused  by  the  use  of  two  hands  in 
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the  aiming  movements,  and  not  by  anything  else.  The  first 
hypothesis  predicted  that  the  phasing  characteristics  would 
not  result  from  deliberate  information  processing,  but  from 
peripheral  factors  such  as  biomechanical  and  physical 
constraints  associated  with  the  task  and  subjects  and  their 
interactions.  This  prediction  was  supported.  The  reasoning 
was  that  if  deliberate  processing  was  used  it  should  have 
generated  the  same  results  for  both  hand  conditions  because 
all  the  other  performance  conditions  remained  the  same  for 
the  subjects  except  the  effector  conditions.  Therefore,  the 
resulting  differences  could  only  be  attributed  to  the  use  of 
two  hands  in  the  aiming  responses.  This  finding  also 
answers  the  question  raised  in  hypothesis  4 about  effector 
specificity  effects.  That  is,  performance  was  specific  to 
effector  conditions  in  this  experiment. 

What  could  have  happened  when  two  hands  were  used? 
Previous  research  has  shown  that  interactions  could  result 
from  two  hands  being  involved  in  rapid  rhythmic  movements 
(Kelso,  1981;  Yamanishi  et  al.,  1980).  In  other  words,  the 
performance  rate  and  hand  conditions  might  influence  each 
other.  In  the  two-hand  condition,  subjects  were  directed  to 
perform  as  quickly  and  accurately  as  possible.  There  was  no 
restriction  that  the  left  hand  could  not  be  activated  until 
the  right  hand  fully  completed  the  movement.  In  other 
words,  the  task  only  required  subjects  to  press  those  six 
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keys  in  a sequential  order  without  specifying  the  times  in- 
between  . 

As  long  as  no  keys  were  pressed  at  the  same  time  (which 
was  a mistake) , subjects  could  choose  to  do  anything  to 
accomplish  the  task.  Data  suggest  the  following 
possibilities.  At  first  subjects  tried  to  complete  the  six 
presses  accurately  but  slowly.  Later,  to  press  more 
quickly,  they  completed  these  responses  in  such  a way  that 
one  hand  was  activated  even  before  the  other  hand  fully 
completed  a movement.  This  approach  to  obtain  faster  speed 
was  adopted,  but  it  did  not  mean  that  the  phasing 
characteristics  were  deliberately  processed.  Also,  these 
phasing  changes  could  not  be  categorized  as  modifications  in 
central  mechanisms  associated  with  timing. 

These  results  lend  support  to  previous  findings  in 
typing  research.  Finger  and  hand  constraints  determine  the 
interstroke  intervals  when  typing  is  executed  at  a high 
speed  (e.g. , Gentner,  Larochelle,  & Grudin,  cited  in 
Gentner,  1987;  Shaffer,  1973).  In  particular,  research  has 
indicated  that  when  subjects  type  digraphs  using  double 
fingers  and  one-finger,  they  reach  their  limiting  rate. 
Contrarily,  subjects  typing  under  two— finger  and  two— hand 
conditions  continued  to  get  faster,  because  "overlapped 
movement"  is  possible. 

The  third  hypothesis  was  related  to  the  point  when 
learning  would  reach  an  asymptote.  Convergent  evidence  from 
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three  dependent  measures  showed  that  an  asymptote  was 
reached  during  extensive  training,  although  the  exact  points 
varied  from  segment  to  segment.  As  indicated  above,  the 
asymptote  was  loosely  defined  in  this  study.  One  of  the 
landmarks  for  an  asymptote  was  the  absence  of  differences 
among  neighboring  trial  blocks  but  with  a slight  trend  to 
improve.  The  importance  of  this  finding  is  that  it  provides 
confirmation  for  the  validity  of  the  classification  of 
training  programs  into  extensive  training  and  limited 
training  categories. 

Transfer  Phase.  There  were  two  transfer  conditions. 

One  involved  requiring  subjects  to  slow  the  same  sequential 
movement  as  in  the  training  phase  by  50%.  The  other  task 
required  a modification  in  sequential  direction,  starting 
from  the  left  side  and  approaching  to  the  right. 

Nonetheless,  the  spatial  relationship,  in  terms  of  distance, 
remained  the  same  as  in  Experiment  1.  That  is,  each 
corresponding  segment  of  the  act  required  had  the  same 
distance  to  be  traversed. 

No  evidence  emerges  to  support  the  notion  that  a 
central  representation  of  temporal  structure  resulted  from 
extensive  training.  This  conclusion  was  supported  by  the 
following  results:  (1)  extensive  training  did  not  lead  to 

reduced  performance  variability  in  the  task  in  which  the 
same  relative  timing  was  supposed  to  be  upheld  as  compared 
with  the  task  which  contained  a direction  reversal;  (2)  the 
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temporal  organization  of  the  two  tasks  was  slightly 
different,  but  these  tasks  were  immune  from  the  effects  of 
different  training  schemes;  and  (3)  the  lack  of  any 
significant  interaction  between  the  hand  conditions  and 
tasks. 

According  to  generalized  motor  program  theory 
predictions,  speed  is  a variant  feature  in  a central 
representation  of  motor  skills  (Pew,  1974;  Schmidt,  1975, 
1988b) . That  is,  when  speed  is  varied,  the  same  motor 
program  still  underlies  the  skill.  The  finding  of  no 
positive  transfer  in  variability  performance  from  the 
previous  training,  which  was  supposedly  directed  to  the  same 
control  mechanism,  was  evidence  against  the  formation  of  any 
central  timing  structure.  The  finding  that  performance 
variability  was  less  for  the  direction  reversal  task  than 
for  the  50%  speed  task  was  consistent  with  the  previous 
research  indicating  that  variability  was  positively 
proportional  to  MTs  (e.g.,  Newell  et  al . , 1980;  Schmidt, 
1991;  Schmidt  et  al.,  1979).  Thus,  this  result  only 
reflects  the  internal  neuromuscular  dynamics  that 
constrained  the  performance  of  the  current  transfer  tasks. 

Several  interesting  phasing  findings  deserve  close 
examination.  First,  extensive  training  under  the  single- 
hand condition  led  to  eguivalent  phasing  relationships 
between  the  last  block  of  training  data  and  the  50%  speed 
transfer  task,  while  they  were  different  from  the  direction 
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reversal  transfer  task  except  in  segment  2.  Second, 
extensive  training  under  the  between-hand  condition  resulted 
in  different  phasing  characteristics  in  the  50%  speed  task, 
and  the  direction  reversal  task.  Third,  the  last  block  of 
the  training  task  except  on  segments  3 and  5 where  the  two 
transfer  tasks  were  equivalent.  Fourth,  limited  training 
for  the  single-hand  condition  led  to  equivalent  time  ratios 
for  segments  1,  2,  and  3 for  the  50%  speed  task  and  the  last 
block  of  the  training  task  and  different  time  ratios  on 
segments  4 and  5.  Finally,  limited  training  for  the 
between-hand  condition  led  to  very  different  phasing  data 
for  the  three  tasks  involved  with  only  one  exception  where 
equivalence  was  observed  between  the  transfer  tasks  on 
segment  3.  On  the  basis  of  these  findings,  the  following 
points  can  be  made. 

First,  the  phasing  data  appear  to  suggest  that  the 
effector  condition  determined  the  timing  characteristics. 

The  equivalence  findings  associated  with  single-hand 
extensive  training  and  the  50%  speed  task  alludes  to  the 
possibility  that  the  50%  speed  task  and  the  training  task 
shared  the  same  timing  relationships.  They  were  different 
from  the  direction  reversal  task. 

Second,  the  phasing  results  imply  that  timing 
characteristics  were  specific  to  effector  conditions. 
Therefore,  it  can  be  concluded  that  these  phasing  features 
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are  very  dependent  on  the  requirements  of  the  performing 
conditions. 

Third,  the  phasing  data  were  consistent  with  other 
literature  (Summers,  1976)  that  indicated  that  relative 
timing  was  an  invariant  feature  in  motor  programming. 
However,  the  question  still  remains  unanswered  as  to  whether 
the  phasing  features  have  been  deliberately  acquired  or 
emerged  from  the  dynamics  in  the  motor  system.  Since 
prolonged  training  was  selectively  beneficial  for  transfer 
tasks,  it  can  be  speculated  that  both  training  type  and 
nature  of  tasks  can  influence  phasing  features. 

The  influence  of  effector  conditions  on  performance 
during  training  and  the  clear  lack  of  effector-related 
training  effects  suggest  that  single-hand  and  between-hand 
performances  were  governed  by  different  mechanisms. 
Researchers  favoring  the  ecological  approach  have  proposed 
that  in  bimanual  movements  the  control  parameter  is  the 
frequency  that  is  responsible  for  generating  nonlinear 
change  once  the  frequency  reaches  a critical  value  (see 
Haken,  1977,  1983;  Kelso,  1984).  For  instance,  Kelso  (1984) 
reported  the  phenomenon  of  phase  transitions  in  rhythmic 
bimanual  movements  as  a function  of  frequency  changes. 
Another  perspective  is  that  qualitative  differences  between 
walking  and  running  are  determined  by  the  factor  of  speed. 
The  transition  from  walking  to  running  will  occur  when  the 
speed  reaches  a certain  level.  In  the  present  study. 
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differences  under  between— hand  and  single— hand  conditions 
were  most  likely  caused  by  the  fact  that  one  required 
dynamical  interactions  of  two  limbs  and  the  other  did  not. 

General  Discussion 

Motor  skill  has  been  conceptualized  as  highly  organized 
behavior  in  both  space  and  time  (Adams,  1987;  Fitts,  1964). 
One  of  the  great  challenges  is  to  understand  how  the  process 
of  organization  is  achieved.  The  present  experiments  were 
intended  to  investigate  the  nature  of  timing  control  in 
motor  tasks,  requiring  specified  movement  sequences,  by 
maintaining  a constant  spatial  arrangement  in  the  components 
of  the  movement  act.  The  most  important  hypothesis  (i.e., 
the  fifth  hypothesis)  in  this  study  was  that  specific  timing 
mechanisms  activated  depend  on  the  nature  of  tasks  and  the 
level  of  skill  of  the  subjects.  Three  major  experimental 
manipulations  included  the  type  of  timing  tasks,  the  amount 
of  training,  and  the  effector  conditions.  Evidence  from  the 
two  experiments  will  be  converged  here  in  an  attempt  to 
resolve  the  issues  raised  in  this  study. 

Timing  Mechanisms:  Effects  of  Training 

It  has  been  well-established  that  engagement  in  long- 
term practice  usually  results  in  skill  modifications  as 
indexed  by  simple  outcome  scores  (e.g.,  Mowbray  & Rhoades, 
1959;  Proctor  & Reeve,  1988).  Studies  that  involve  more 
sophisticated  measures  (such  as  movement  kinematics)  are 
useful  in  detecting  more  subtle  changes  in  movements.  These 


165 


include  alterations  in  the  smoothness  with  which  skills  are 
executed  and  modifications  in  movement  trajectories  (e.g. , 
Hobart,  Kelly,  & Bradley,  1975;  Hobart  & Vorro,  1974; 
McGrain,  1980,  1986;  Moore  & Marteniuk,  1987;  Young  & 
Schmidt,  1990) . It  has  been  suggested  that  these  obvious 
training-related  changes  can  be  used  to  infer  corresponding 
changes  in  underlying  control  processes  (Keele,  1981; 

Theios,  1975;  Young  & Schmidt,  1990).  This  reasoning  has 
been  accepted  for  the  purposes  of  the  present  study. 

One  of  the  experimental  manipulations  was  amount  of 
training.  Evidence  exists  that  training  exerts  differential 
effects  on  timing  organization  in  sequential  movements.  A 
tentative  conclusion  can  be  drawn  from  the  findings  related 
to  training.  That  is,  some  aspects  of  timing  are  learned 
and  others  are  not.  In  Experiment  1,  evidence  suggests  that 
the  phasing  characteristics  were  a result  of  deliberate 
learning  and  information  processing.  However,  in  Experiment 
2,  the  phasing  characteristics  of  the  training  task  were  not 
derived  from  deliberate  processing  activities.  They  were 
determined  by  the  peripheral  conditions  of  the  task,  such  as 
the  arrangement  of  the  keys  and  the  use  of  different 
effectors . 

In  fact,  MacKay  (1987b)  has  made  similar  statements 
about  timing  mechanisms,  although  he  was  referring  to 
studies  of  language  phenomena.  The  example  he  cited  to 
illustrate  the  learned  aspects  of  timing  was  about  the 


166 


peripheral  characteristics  of  the  speech  organs  that  were 
found  to  influence  timing.  For  instance,  the  systematically 
longer  durations  associated  with  open  vowels  can  be 
attributed  to  the  fact  that  the  jaw  must  move  farther  to 
produce  an  open  vowel  (cf . Lehiste,  1970) . Another  example 
given  by  MacKay  (1987b)  to  show  the  learned  aspects  of 
timing  deals  with  the  contrast  between  the  so-called 
''syllable-timed"  languages,  such  as  French,  and  "stress- 
timed"  languages,  such  as  English  (cf.  Cutler,  Mehler, 
Norris,  & Sequi,  1983). 

Another  training-related  phenomenon  was  the  flexibility 
and  malleability  with  which  the  sequential  movements  were 
mastered  and  modified  in  regard  to  temporal  features.  It 
was  observed  that  accuracy  performance  improved  with 
consistency  in  Experiment  1,  and  increased  speed  was  coupled 
with  enhanced  consistency  in  Experiment  2.  In  Experiment  1, 
accuracy  was  enhanced  dramatically  after  320  trials  of 
practice  although  five  criterion  intertap  intervals  had  been 
designed  in  such  a manner  that  they  contained  no  clear 
rhythm  (i.e.,  consisting  of  no  easily  identifiable  beats  and 
meters)  to  favor  those  with  music  background.  In  Experiment 
2,  variability  was  reduced  and  speed  enhanced  as  a result  of 
extensive  training.  Recent  research  also  indicates  that 
movement  dynamics  are  subject  to  modification  as  a function 
of  practice  (Zanone  & Kelso,  1992)  . 
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The  training  effects  in  timing  further  suggest  that  it 
is  important  to  differentiate  research  conclusions  about 
timing  that  are  based  on  studies  in  which  well-learned 
skills  (e.g.,  Shapiro  et  al.f  1981)  are  analyzed,  and  those 
in  which  relatively  unpracticed  skills  are  of  interest 
(e.g.,  Kelso  et  al . , 1979;  Klapp,  1979;  1981).  Some 
researchers  strongly  recommend  that  the  training  effect 
should  be  taken  into  consideration  in  theorizing  about 
timing  control  mechanisms  (MacKay,  1987a;  Summer  & Burns, 
1990) . The  present  findings  strongly  suggest  that  much 
information  would  have  been  concealed  if  the  factor  of 
training  or  skill  level  has  not  been  manipulated.  Evidence 
obtained  here  casts  doubts  on  previous  timing  studies  that 
have  failed  to  consider  the  effect  of  skill  level  while 
theorizing  about  timing  control  mechanisms. 

Timing  Mechanisms:  Effects  of  Tasks  and  Effector  Conditions 

The  present  results  suggest  that  different  mechanisms 
can  be  involved  in  different  tasks.  Although  there  is  a 
general  consensus  that  timing  is  an  essential  element  in  all 
motor  skills  (Summers  & Burns,  1990) , the  two  tasks  used  in 
the  present  two  experiments  represent  two  extreme  examples 
of  tasks  in  which  timing  is  differently  organized.  In 
Experiment  1,  the  sequential  movements  in  the  training  and 
transfer  phases  were  based  on  five  fixed  time  intervals.  To 
perform  well,  subjects  were  required  to  perceive  the 
flashing  of  lights  indicating  the  five  segments,  and  then  to 
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reproduce  them  accurately.  Accuracy  of  and  consistency  in 
performance  were  indicators  of  quality  performance.  At 
first,  subjects  had  to  make  adjustments  based  on  externally 
provided  KR.  As  training  proceeded,  a repertoire  of  task- 
specific  procedures  was  established  that  allowed  subjects  to 
perform  the  task  with  increased  accuracy  and  less 
variability.  In  particular,  central  to  performing  this  type 
of  timing  tasks  were  the  formation  of  an  abstract  temporal 
structure  and  the  ability  to  translate  the  perceived 
temporal  patterns  into  actions. 

Extensive  training  in  Experiment  1 enabled  subjects  to 
eliminate  the  differences  that  were  supposedly  caused  by  the 
use  of  two  hand  conditions.  Subjects  displayed  similar 
phasing  characteristics  for  both  effector  conditions  as  a 
result  of  continued  training.  This  finding  suggests  that 
extensive  training  made  it  possible  for  a transition  from  a 
vision-controlled  timing  mechanism  to  a more  abstract, 
proceduralized  mechanism  (see  Anderson,  1987)  which  is 
thought  to  underlie  both  perception  and  action  (Keele, 

1987) . The  data  also  lend  support  to  previous  research  in 
which  similar  timing  characteristics  have  been  found  for 
reproduction  tasks  performed  with  one  hand  versus  two  hands 
(e.g..  Summers,  Bell,  & Burns,  1989). 

On  the  other  hand,  the  primary  task  in  Experiment  2 
required  subjects  to  complete  six  aiming  responses  at 
maximum  speed.  The  constraints  of  the  training  task  were 
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the  speed,  the  task  arrangement,  and  effector  conditions. 
Therefore,  the  ultimate  timing  profile  should  be  a direct 
reflection  of  the  task's  spatial  arrangement,  effector 
conditions  involved,  and  other  peripheral  factors. 

Extensive  training  in  Experiment  2,  on  the  contrary, 
amplified  differences  in  phasing  characteristics.  They  were 
caused  by  the  use  of  different  effectors.  Findings  from 
this  experiment  support  the  model  proposed  by  Rumelhart  and 
Norman  (1982)  which  suggests  that  timing  characteristics 
emerge  from  peripheral  constraints  rather  than  central 
clocks  or  motor  programs. 

The  Information  Processing  Approach  and  Timing 

The  information  processing  approach  to  timing  is  best 
represented  by  the  proportion  duration  model  (Gentner, 

1987).  On  the  basis  of  this  model,  a generalized  motor 
program,  which  is  used  to  control  a class  of  similar 
movements,  is  assumed  to  be  stored  in  long-term  memory.  The 
timing  characteristics  associated  with  the  output  of  the 
generalized  motor  program  are  thought  to  be  determined  by 
the  specification  of  a multiplicative  rate  parameter 
(Gentner,  1987;  Pew,  1974;  Schmidt,  1975).  Therefore,  it  is 
predicted  that  timing  behavior  should  be  directly  derived 
from  the  execution  of  the  program  like  a microcomputer 
faithfully  executes  every  single  command  in  a program. 

Important  supporting  evidence  includes  determining  that 
the  proportion  of  time  allocated  to  produce  a certain 
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segment  of  a movement  sequence  remains  constant  while  the 
overall  duration  to  produce  the  sequence  varies  (e.g., 
Armstrong,  1970;  Carter  & Shapiro,  1984;  Glencross,  1973; 
Schmidt,  1985;  Summers,  1975).  Constant  relative  timing  has 
often  been  used  as  an  indicator  of  a predetermined  motor 
program  for  controlling  movements  (Schmidt,  1975,  1978; 
Zelaznik,  Schmidt,  & Gielen,  1986) . 

Another  very  important  prediction  of  the  generalized 
motor  program  concept  is  that  transfer  to  a skill  with  the 
same  relative  timing  but  a different  duration  should  be 
perfect  or  near  perfect.  However,  transfer  to  a task  with  a 
new  relative  timing  feature  should  be  very  poor.  Referring 
to  the  present  study,  if  this  theoretical  model  were  valid, 
training  should  have  resulted  in  positive  transfer  for  the 
tasks  in  which  the  same  relative  timing  was  maintained  but 
of  no  benefit  for  the  task  with  a new  relative  timing 
feature. 

Experiment  1 has  generated  support  for  the  generalized 
motor  program  model  about  timing.  The  evidence  is  derived 
from  several  sources.  First,  transfer  performance  in 
accuracy  and  consistency  for  the  same  relative  timing  tasks 
benefitted  from  training  while  training  did  not  favor  the 
performance  in  the  different  relative  timing  tasks  during 
transfer.  Second,  the  initial  phasing  differences  between 
different  effector  conditions  became  smaller  and  disappeared 
with  prolonged  training,  coupled  with  improved  accuracy  and 
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consistency.  Third,  the  phasing  characteristics  displayed 
similar  patterns  as  a result  of  effective  training. 

The  regression  analysis  method  that  was  suggested  by 
Gentner  to  analyze  individual  timing  data  (i.e.,  the 
constant  proportion  test)  was  not  included  in  analyzing  the 
present  results  for  the  following  reasons. 

First,  the  constant  proportion  test  as  proposed  by 
Gentner  (1987)  is  too  conservative  and  it  does  not  consider 
that  processing  the  translating  of  a central  motor  command 
into  an  act  could  be  interfered  with  by  the  constant 
presence  of  neural  noise  (Heuer  & Schmidt,  1988) . 

Therefore,  it  is  not  realistic  to  believe  that  the 
relationship  between  the  observed  segmental  times  at  a 
peripheral  level  and  the  central  representations  could  be  a 
direct  "correspondence”  (Heuer,  1988) . In  other  words, 
discrepancies  may  exist  between  behavior  data  and  what  the 
central  motor  command  originally  intended  to  carry  out. 

Second,  studies  in  which  relative  timing  has  been 
observed  frequently  have  serious  methodological  problems, 
one  of  them  being  the  selection  and  elimination  of  data  (see 
Abbs  & Connor,  1989,  for  a review).  For  instance,  Weismer 
and  Fennell  (1985)  undertook  a study  of  relative  timing 
related  to  speech.  To  better  account  for  their  data,  they 
eliminated  the  last  two  out  of  the  seven  acoustically 
defined  intervals.  The  only  justification  for  the  omission 
of  data  was  that  previous  research  did  not  show  relative 
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timing  in  these  time  intervals.  Other  examples  include  the 
Tuller  et  al.  (1981,  1982)  studies  in  which  correlation 
analyses  indicated  that  one  of  9 pairs  of  speech  segment 
duration  sets  resulted  in  consistently  high  correlations. 
MacKay  (1987b)  has  remarked  that  timing  only  remains 
constant  within  limits.  He  used  the  following  example  to 
illustrate  his  point.  When  the  treadmill  is  accelerated 
beyond  a certain  extent,  a walking  subject  will  shift  to  a 
jogging  mode.  All  of  the  above  examples  have  indicated  that 
a strict  relative  timing  test  alone  such  as  the  constant 
proportion  test  is  limited  in  depicting  the  relationship 
between  the  timing  data  and  their  underpinning  control 
mechanisms . 

Third,  relative  timing  is  subject  to  modification  as  a 
result  of  subjects  receiving  KR.  Young  and  Schmidt  (1990) 
found  that  practice  with  KR  led  to  "a  large  and  systematic 
reorganization  in  movement  control"  (p.  763) . Also,  the 
consistency  of  proportional  timing  found  even  in  simple 
aiming  tasks  is  very  poor  (Gielen,  van  den  Oosten,  & Pull 
ter  Gunne,  1985;  Zelaznik  et  al . , 1986).  That  is,  Zelaznik 
et  al.  (1986)  have  shown  that  kinematic  components  occurring 
in  early  movements  appear  to  be  fixed  while  those  appearing 
later  are  more  subject  to  modification  from  the  variations 
in  movement  time.  Moreover,  Abbs  and  Connor  (1989)  have 
argued  that  proportional  movement  intervals  may  appear  for 
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some  movement  segments  in  the  data  of  some  subjects,  but  are 
not  universal  invariants  as  they  were  once  believed  to  be. 

The  findings  in  Experiment  1 have  indicated  that  timing 
performance  was  under  the  control  of  an  abstract,  central 
mechanism,  hence  showing  support  for  the  use  of  the 
generalized  motor  program  concept  as  an  explanation.  The 
reasons  include  (a)  initial  training  differences  for  timing 
performances  (e.g.,  RMSE,  SD,  and  mean  proportions)  for  the 
two  effector  conditions  were  eliminated  as  a function  of 
extensive  training  while  performance  indexes  showed 
continuous  improvements;  and  (b)  transfer  performance 
favored  the  conditions  in  which  the  same  phasing  was 
maintained  versus  those  in  which  different  phasing  was 
administered . 

The  evidence  of  Experiment  2 can  not  be  readily 
explained  by  the  generalized  motor  program  concept  because 
there  is  difficulty  interpreting  the  data.  First,  the 
modification  of  phasing  characteristics  accompanied  an 
increased  speed  as  a function  of  training  for  the  between- 
hand  condition  but  not  for  the  single-hand  condition. 

Second,  poor  transfer  of  the  extensive  training  situation  to 
the  task  occurred  in  which  only  a variant  feature  was 
supposedly  manipulated.  Third,  temporal  similarity  was 
found  in  the  tasks  where  different  relative  timing  was 
expected.  Fourth,  extensive  training  did  not  favor  the  task 
where  the  same  relative  timing  was  supposedly  maintained  in 
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comparison  to  the  transfer  task  in  which  different  relative 
timing  was  present.  Finally,  the  phasing  relations  for  the 
between-hand  and  the  single-hand  conditions  were  very 
different  during  training  and  transfer.  On  the  basis  of 
traditional  generalized  motor  program  theory,  these  data  can 
not  be  easily  reconciled.  However,  they  could  be  considered 
under  the  ecological  approach. 

The  Ecological  Approach  and  Timing 
A group  of  researchers  (e.g.,  Haken,  Kelso,  Kugler, 
Saltzman,  and  Turvey) , who  seem  to  have  been  influenced  by 
Bernstein's  concerns  with  the  huge  number  of  degrees  of 
freedom  involved  in  complex  movements  and  by  Gibson's 
concerns  about  the  close  interactions  between  the  animal  and 
its  environment,  are  very  critical  of  the  information 
processing  model  as  it  is  applied  to  explain  motor  control. 
Particularly,  they  believe  that  the  information  processing 
model  is  based  on  borrowed  intelligence,  or,  a homunculus 
that  controls  a large  memory  bank  from  which  specific 
movements  are  emanated  (Turvey,  Fitch,  & Tuller,  1982). 
Consequently,  the  information  processing  approach  is 
believed  to  contain  the  following  characteristics:  (1)  the 

motor  control  system  does  not  depend  much  on  feedback;  (2) 
control  is  too  individualized,  for  the  homunculus  or  the 
motor  program  must  specify  many  variables  (including  the 
variable  of  timing)  to  fit  a particular  spatial-temporal 
goal;  and  (3)  there  is  a one-to-one  correspondence  among 
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"the  motor  program,  the  cortex,  the  spinal  machinery,  and 
the  motor  apparatus"  (Turvey  et  al.,  1982). 

While  emphasizing  the  self-organizational  properties  of 
human  movement  control  (Haken,  1977,  1983;  Kugler,  Kelso,  & 
Turvey,  1980)  and  the  importance  of  direct  perception  (Lee, 
1976;  Turvey,  1990),  the  ecological  approach  to  timing  does 
not  treat  timing  as  a variable  that  is  centrally  represented 
and  controlled.  Instead,  timing  characteristics  evolve  from 
the  neuromuscular  dynamics  during  the  process  of  a movement 
production  (Kelso,  Saltzman,  & Tuller,  1986) . According  to 
Kelso  et  al.,  (1986),  the  word  "dynamics"  is  used  to 
indicate  "the  simplest  and  most  abstract  description  of  the 
forms  of  motion  produced  by  a system"  (p.  30) . One  of  the 
major  tasks  of  this  approach  is  in  identifying  regularities 
in  movements  and  in  seeking  explanations  through  modeling 
and  testing.  In  particular,  the  foundation  for  the 
ecological  approach  to  timing  has  been  laid  through  the  work 
of  mathematical  modeling  and  empirical  tests  by  Kelso, 
Turvey,  and  their  colleagues.  The  general  agreement  among 
them  is  that  timing  is  an  intrinsic  consequence  of  the  motor 
system's  dynamical  organization.  Representing  this  approach 
is  a model  proposed  by  Rumelhart  and  Norman  (1982),  in  which 
timing  is  not  centrally  controlled  and  observed  timing  of 
behavior  is  determined  mainly  by  peripheral  constraints. 

The  system's  organization  is  believed  to  be  determined  by  a 
few  collective  variables  or  order  parameters  (Zanone  & 
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Kelso,  1992) . Identifying  any  of  those  parameters  is  beyond 
the  scope  of  this  dissertation.  However,  one  of  the 
objectives  here  was  to  generally  address  some  strengths  and 
weaknesses  of  the  ecological  approach  to  timing  on  the  basis 
of  the  present  findings. 

However,  the  ecological  approach  to  timing  can  not 
account  for  the  major  findings  from  Experiment  1.  In 
accordance  with  this  approach,  different  timing  profiles 
should  result  from  different  dynamical  organizations  in  the 
same  system.  The  two  effector  conditions  used  should  have 
given  rise  to  different  initial  conditions  in  the  movement 
production,  which  in  turn  should  have  led  to  different 
patterns  of  timing.  However,  the  results  clearly  indicated 
that  the  initial  differences  in  timing  characteristics  were 
eliminated  as  a result  of  extensive  training.  In  other 
words,  the  different  effector  conditions  seemed  to  have 
access  to  the  same  reference  or  mechanism.  The  same 
mechanism  metered  out  the  intervals  and  issued  commands  for 
initiation  of  the  aiming  responses. 

In  addition,  the  ecological  approach  can  not  account 
for  the  transfer  findings  in  which  the  conditions  in  which 
the  same  relative  timing  was  maintained  were  favored  in 
comparison  to  conditions  in  which  different  relative  timing 
was  involved. 

While  the  generalized  motor  program  concept  fails  to 
explain  the  major  findings  derived  from  Experiment  2,  the 
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ecological  approach  can  accommodate  the  results  reasonably 
well.  The  reasons  have  been  mentioned,  but  the  most 
important  ones  are  the  following.  First,  different  effector 
conditions  are  associated  with  different  timing 
performances.  Nonetheless,  when  the  hand  conditions  were 
the  same,  phasing  characteristics  tended  to  follow  suit. 
Second,  changes  in  performance  conditions  (e.g. , KR 
withdrawal,  direction  reversal)  generated  corresponding 
timing  variations. 

Is  There  Any  Evidence  for  a Compromise  Between  the  Two 

Approaches? 

The  present  study  has  echoed  the  concerns  of  many 
timing  researchers  who  have  been  attempting  to  identify  the 
control  mechanisms  involved  in  motor  timing  (Gentner,  1987; 
MacKay,  1987a;  Shaffer,  1984;  Summers  & Burns,  1990).  In 
fact,  more  evidence  is  indicating  that  the  way  in  which  the 
temporal  component  of  motor  skills  is  acguired  is  far  more 
complex  than  originally  thought.  Merely  specifying  a 
multiplicative  rate  parameter  in  a generalized  motor  program 
(Schmidt,  1975,  1988b)  or  simply  claiming  that  timing 
characteristics  are  emergent  properties  as  a consequence  of 
the  internal  dynamics  in  the  motor  system  (Kelso  et  al . , 

1986)  does  not  fully  explain  the  data  in  this  study.  At 
this  stage  of  timing  theoretical  development,  it  is 
impossible  to  simply  accept  one  by  rejecting  the  other.  The 
issue  now  is  not  which  approach  can  account  for  the  data 
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better.  Rather,  it  is  how  these  two  different  approaches 
can  complement  each  other  in  explaining  the  present  timing 
data.  One  simple  but  intuitive  solution  is  for  one  side  to 
make  remarkable  revisions  in  theory  by  incorporating  the 
strengths  of  the  other.  For  example,  the  findings  in 
Experiment  2 can  also  be  accounted  for  if  provisions  are 
made  for  the  malleability  and  the  generalizability  of  a 
motor  program.  Next,  I will  review  some  evidence  that  shows 
the  recent  trends  of  both  approaches  toward  a comprehensive 
view  of  motor  control . 

First,  the  information  processing  approach  as 
represented  by  the  motor  program  concept  has  witnessed 
remarkable  modifications.  The  formulation  of  the  motor 
program  concept  in  the  early  sixties  and  seventies  posed  an 
important  challenge  to  the  then  dominant  view  of  on-line, 
moment-to-moment  sensory  adjustments  and  readjustments  of 
movement  productions,  or  the  closed-loop  theory  of  movement 
production  (Adams,  1971) . Although  research  on  the  motor 
program  concept  can  be  traced  to  the  work  of  Lashley  (1917, 
1951)  and  Henry  and  Rogers  (1960),  the  definition  of  a motor 
program  by  Keele  (1968)  has  been  cited  frequently. 

Basically,  a motor  program  has  been  regarded  as  a set  of 
preestablished  muscle  commands  that  can  trigger  movements 
without  feedback.  Advocates  of  the  motor  program  concept 
have  attempted  to  explain  such  phenomena  as  normal  movement 
productions  without  feedback  (e.g.,  Lashley,  1917;  Rothwell, 
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Traub,  Day,  Obeso,  Thomas,  & Marsden,  1982;  Taub  & Berman, 
1968) , which  seemed  to  be  unexplainable  by  the  closed-loop 
theory . 

Another  factor  that  was  believed  to  contradict  the 
predictions  of  the  closed-loop  theory  was  ballistic 
movements.  These  are  too  brief  for  feedback  to  be  used 
effectively.  Keele  and  Posner  (1968)  argued  that  it  takes 
about  200  ms  for  feedback  to  be  used,  but  recent  data 
indicate  that  this  time  is  far  too  long.  For  instance, 
there  is  evidence  that  the  gamma  loop  takes  25  ms  in  the  arm 
and  6 ms  in  the  jaw  (cf . Abbs  & Winstein,  1990) . At  one 
time,  great  differences  existed  between  the  central  view 
(prespecification  of  motor  output)  and  the  peripheral  view 
(ubiguitous  sensory  influence) . The  two  sides  now  seem  to 
have  been  reconciled  (Abbs  & Winstein,  1990) . 

The  contents  of  the  motor  program  have  been  heavily 
debated  (e.g.,  Lashley,  1951;  Marteniuk,  Mackenzie,  & 
Leavitt,  1988;  Morasso,  1981;  Schmidt,  1983).  Yet,  the 
generalized  motor  program  model  (Schmidt,  1980)  has  stood 
out  among  other  theories.  Here,  a motor  program  is  proposed 
to  contain  the  order  of  muscle  contractions,  the  phasing  or 
temporal  relationships  between  these  contractions,  and  the 
relative  muscle  forces  involved.  Evidence  has  indicated 
that  centralized  motor  programs  exist  for  such  acts  as 
typing,  handwriting,  speech,  and  locomotion  (cf.  Armstrong, 
1977;  Hollerbach,  1981;  Merton,  1972;  Raibert,  1977; 
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Terzuolo  & Viviani,  1979;  Tuller  et  al . , 1982).  In 
particular,  the  evidence  has  been  based  on  the  regularity  of 
temporal  structure  despite  great  variations  in  overall 
movement  durations. 

However,  recent  examination  of  such  data  has  revealed 
that  the  timing  characteristics  of  movement  productions  does 
not  appear  to  be  determined  by  a simple  relative-timing  rule 
(Abbs  & Connor,  1989;  Gentner,  1987).  Closer  examination  of 
the  movement  output  (e.g.,  typing,  table  tennis)  indicates 
that  the  timing  of  movement  initiation  is  marked  by  great 
variability.  However,  the  termination  for  key  presses 
(Gentner,  Grudin,  & Conway,  1980)  or  for  the  ball-and-paddle 
contact  (Bootsma  & Van  Wieringen,  1990)  have  been  shown  to 
be  relatively  much  more  consistent.  These  data  have  led  to 
the  suggestion  that  the  notion  of  motor  programs  does  not 
specify  the  precise  movements,  muscle  contraction 
parameters,  or  their  timing,  but  the  final  goals  of  the 
movement  process  (Abbs  & Winstein,  1990;  Birkenblit, 

Feldman,  & Fukson,  1986) . 

Parameters  of  a movement  may  not  be  prespecified  as  a 
rigid  set  of  muscle  instructions  or  commands  (Keele,  1968; 
Reguin,  Semjen,  & Bonnet,  1984) . Rather,  the  motor  program 
is  believed  to  contain  a set  of  parameters  that  specify  a 
given  environmental  objective  or  a set  of  functional  goals 
(Abbs  & Winstein,  1990) . Evidence  comes  from  a number  of 
research  groups  (e.g.,  Abbs  & Graeco,  1984;  Georgopoulos, 
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Kalaska,  & Massey,  1981;  Goodale,  Pelison,  & Prablanc,  1986; 
Gordon,  Bermejo,  & Ghez,  1988;  Johansson  & Westling,  1984). 
They  have  found  that  an  external  perturbation  or  a change  in 
target  location  results  in  functional  modifications  of  the 
trajectory  and/or  the  relative  forces  during  the  movement 
execution.  Abbs,  Graeco,  and  Cole  (1984)  proposed  that  "a 
motor  program  is  more  likely  the  representation  of  the 
dynamic  processes  whereby  the  appropriate  sensorimotor 
contingencies  are  set  up”  (p.  214).  Likewise,  MacKay  (1985) 
believed  motor  programs  to  "control  the  flow  of 
information" , with  that  information  being  sensorimotor  in 
nature. 

The  modifications  in  the  definition  of  a motor  program 
should  be  interpreted  as  surprising.  The  role  of  peripheral 
information  and  movement  dynamics  have  been  given  greater 
significance  in  the  concept  of  a motor  program  than  before, 
from  being  totally  excluded  to  being  treated  as  one  of  the 
central  variables.  For  instance,  the  most  recent  definition 
of  a motor  program  is  that  it  is  a motor  control  structure 
that  performs  the  functions  of  autonomously  generating 
control  signals  to  the  peripheral  system,  and  processing 
sensory  information  (Cruse,  Dean,  Heuer,  & Schmidt,  1990) . 
This  transition  has  deemphasized  the  role  for  the  explicit 
specification  of  motor  output.  Instead,  the  emerging 
importance  of  peripheral  feedback  makes  the  motor  program 
more  adaptive  to  environmental  changes. 
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A last  note  about  the  motor  program  concept  is  that 
different  motor  tasks  and  muscle  groups  need  to  be  examined 
for  differing  sensorimotor  processes  (Abbs  & Winstein, 

1990) . For  instance,  the  two  primary  training  tasks  in  this 
study  represent  requirements  for  two  kinds  of  timing 
behavior.  The  timing  requirement  in  Experiment  1 was  much 
more  demanding  than  that  in  Experiment  2 . The  former 
required  subjects  to  match  five  time  intervals  by  pressing 
six  keys  at  a particular  rate  that  had  not  been  previously 
practiced.  However,  the  latter  only  called  for  maximum 
speed,  which  exerted  a familiar  mental  load  as  subjects  had 
experienced  the  movements  at  maximum  speed  before.  The 
primary  constraint  was  the  path  of  the  aiming  responses. 
Under  these  circumstances,  two  different  motor  programs  or 
two  representations  should  have  been  activated  (MacKay  & 
Bowman,  1969) . In  the  terms  used  by  Abbs  and  Winstein 
(1990) , the  "interface  between  peripheral  input  and  motor 
output  at  the  motoneuron  level  and  at  higher  levels  seems 
certain  to  be  quite  different"  (p.  639) . For  these  two 
tasks,  different  representations  may  have  existed  at 
different  levels  in  the  motor  system  (Pew,  1984) . 

Simultaneously,  while  the  concept  of  a motor  program 
was  being  modified  and  redefined,  the  ecological  approach  to 
motor  control  has  also  witnessed  remarkable  changes. 

The  ecological  approach  as  initiated  by  the  late  Gibson 
(1966,  1979)  attempts  to  understand  human  actions  in  the 
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context  of  close  interactions  with  the  environment  via  the 
use  of  perception.  However,  this  model  does  not  include 
timing  as  a variable  that  can  be  controlled  by  human 
intention.  Instead,  timing  is  said  to  be  derived  from  the 
neuromuscular  dynamics  in  the  movement  production  processes. 
Therefore,  one  modification  can  be  the  addition  of  a higher 
level  controller  into  the  model  (Craske  & Craske,  1986)  that 
explains  some  timing  behavior  (e.g.,  musical  performance) 
where  intentional  control  of  timing  is  indispensable. 

In  the  late  seventies  and  early  eighties,  ecological 
theories  discarded  such  terms  as  "central  representations", 
"schema",  and  "motor  programs"  as  underlying  mechanisms  for 
motor  control.  The  advocates  of  this  approach  believed  that 
a close  perception  and  action  cycle,  or  the  complementarity 
between  the  organism  and  its  environment,  contributes  to  the 
coordination  and  control  of  movements  (Gibson,  1979;  Reed, 
1982) . However,  recently,  intentional  behavior  has  been 
investigated  under  a dynamical  paradigm,  using  a construct 
called  "behavior  information"  (Schoner,  Zanone,  & Kelso, 
1992;  Shaw,  Repperger,  Kadar,  & Sim,  1992)  that  is 
reminiscent  of  the  action  plan  (Miller  et  al.,  1960),  or  the 
concept  of  motor  schema. 

Caution  should  be  exercised  when  these  modifications 
are  proposed,  because  it  is  possible  that  they  can  never 
change  the  nature  of  the  original  theory.  Therefore, 
alternative  solutions  should  be  sought  in  order  to  resolve 
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the  issue.  In  fact,  one  way  to  do  this  is  by  taking  the 
domain  to  which  the  different  approaches  are  applied  in 
explaining  different  data  sets  (e.g.,  Epstein,  1986;  Harvey, 
1985;  Shepard,  1984;  van  Wieringen,  1988).  A similar 
suggestion  has  been  made  by  Keele,  Cohen,  and  Ivry  (1990) 
when  they  discussed  movement  sequencing.  They  argued  that 
the  concepts  of  motor  programs  and  plans  can  better  explain 
the  learning  of  new  sequences  in  any  context  at  the  level  of 
action.  However,  at  the  level  of  movement,  concepts  such  as 
mass-spring  systems  (Bizzi,  Polit,  & Morasso,  1976;  Feldman, 
1986)  can  help  to  describe  the  sequence  or  the  trajectory  of 
a movement.  In  other  words,  the  motor  program  is  a central 
phenomenon  whereas  the  execution  of  the  motor  program 
involves  both  peripheral  and  central  factors  (Heuer,  1988) . 

Timing,  as  an  essential  component  of  motor  skills,  also 
possesses  the  central  and  peripheral  elements.  Now  the 
question  becomes:  How  is  timing  based  in  sequential 

movements?  By  combining  the  present  findings  with  previous 
evidence,  a revised  composite  model  of  motor  timing  can  be 
proposed.  The  next  section  will  raise  some  concerns  about 
developing  a composite  model. 

Considerations  in  a New  Approach  for  Investigating  Timing  in 

Motor  Skills 

A new  approach  to  timing  should  include  both  high-level 
or  low-level  strategies  with  the  former  representing  the 
central  and  the  latter  peripheral  components.  Wing  and 
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Christof f ferson ' s (1973)  model  is  a good  example,  although 
it  proposes  a very  strong  internal  clock  and  a vague 
specification  of  the  motor  component  or  the  peripheral 
component.  The  above  evidence  has  indicated  that  neither 
the  information  processing  approach  nor  the  ecological 
approach  to  timing  is  adequate  to  account  for  a bulk  of 
motor  timing  data,  including  some  present  findings.  For 
instance,  descriptive  comparisons  of  the  findings  for  the 
two  experiments  indicate,  first,  that  it  took  subjects  in 
Experiment  1 longer  to  reach  a relatively  stable  performance 
stage  than  subjects  in  Experiment  2.  Also,  greater  initial 
variability  was  noted  at  first  and  more  improvement  at  the 
end  of  extensive  training  in  Experiment  1 than  in  Experiment 
2.  In  addition,  phasing  performance  for  extensively-trained 
subjects  under  the  single-hand  condition  in  Experiment  2 did 
not  show  any  modification  from  the  beginning  of  the 
extensive  training  while  its  counterpart  in  Experiment  1 did 
demonstrate  continuous  modification  until  the  end  of  the 
training.  These  results  suggest  that  deliberate  timing- 
related  learning  occurred  for  subjects  in  Experiment  1,  but 
not  for  subjects  in  Experiment  2. 

The  reason  for  the  status  quo  of  timing  research  is 
that  traditional  approaches  to  investigating  the  timing  of 
motor  skills  have  several  limitations.  First,  they  have 
failed  to  specify  the  constraints  of  tasks,  including  the 
nature  of  the  constraints  (e.g.,  the  speed  and  accuracy 
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demands  and  the  situational  factors  as  related  to  the  task) 
or  where  the  constraints  originate  (e.g.,  centrally  versus 
peripherally).  In  other  words,  no  serious  attempt  has  been 
made  to  understand  the  spatial-temporal  structure  of  a 
particular  movement.  A scrutiny  of  the  present  data 
indicates  that  some  tasks  have  timing  constraints  embedded 
in  the  perceptual  system  (i.e.,  tasks  such  as  reproduction 
in  which  close  perceptual-motor  compatibility  is  important) . 
Others  are  in  the  motor  output  system  as  required  by  the 
physical  layout  (i.e.,  ballistic  movements  in  which  the  only 
requirement  is  maximum  speed) . 

Second,  other  investigators  have  paid  little  attention 
to  the  role  of  skill  level  in  determining  the  control 
mechanisms  of  timing.  The  present  findings  suggest  that 
skill  level,  or  the  familiarity  with  the  task,  may  affect 
how  the  phasing  characteristics  and  other  timing  indexes  are 
acquired.  In  general,  peripheral  factors  play  a more 
important  role  in  shaping  performance  when  skill  level  is 
low  in  such  acts  as  playing  the  piano  and  typing  (MacKay, 
1987b).  High  skill  level,  on  the  other  hand,  is 
characterized  by  more  independence  of  the  peripheral 
constraints  (e.g.,  findings  from  Experiment  1)  and  more 
adaptability  and  malleability  in  movement  productions  as 
specified  by  prescribed  goals  (e.g.,  Lashley,  1951;  Shaffer, 
1980) . 
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Summary 

The  general  purpose  of  this  investigation  was  to 
examine  the  effects  of  amount  of  training  (extensive  versus 


limited) , the  nature  of  motor  tasks  (one  whose  timing 
constraints  are  derived  from  several  externally-determined 
time  goals  versus  the  other  whose  timing  constraints  is 
internally-determined) , and  the  effector  conditions  (single- 
hand versus  between-hand)  on  the  timing  characteristics 
associated  with  several  related  sequential  key-pressing 
movements . 

Two  experiments  were  conducted  to  resolve  the  issues  in 
question.  The  training  task  in  Experiment  1 required 
subjects  to  press  six  keys  in  a particular  spatial  order  at 
a prescribed  response  rate  so  that  the  five  time  intervals 
of  the  act  would  match  the  intended  goals.  In  Experiment  2, 
the  requirements  were  to  press  the  six  keys  in  the  same 
response  order  as  in  Experiment  1,  but  as  quickly  and 
accurately  as  possible. 

Both  experiments  included  the  same  experimental 
conditions  with  the  exception  of  the  type  of  tasks  used. 

Each  of  the  forty-eight  subjects  were  randomly  assigned  to 
one  of  the  four  experimental  conditions,  considering 
interest  in  two  factors:  training  and  effector  conditions. 

Two  groups  received  extensive  training  (320  trials)  and  the 
other  two  groups  received  limited  training  (60  trials) . The 
two  effector  conditions  required  the  use  of  a single-hand 
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(in  which  the  index  and  middle  fingers  of  the  dominant  hand 
were  held  together)  and  the  use  of  two  hands  (the  index  and 
middle  fingers  of  both  hands  were  held  together  and  the 
subjects  were  required  to  press  the  keys  alternatively) . 

Following  the  training,  subjects  performed  three  tasks 
(Experiment  1)  or  two  tasks  (Experiment  2)  that  were 
counterbalanced,  with  20  trials  completed  in  each  task.  The 
three  transfer  tasks  in  Experiment  1 included  a different 
relative  timing  task,  a same  relative  timing  task,  and  an 
auditory  timing  task.  The  two  transfer  tasks  in  Experiment 
2 included  a 50%  speed  reduction  task  and  a direction 
reversal  task. 

ANOVAs  were  performed  on  various  dependent  measures 
including  RMSE,  within-subject  performance  variability,  and 
phasing  (ratios)  for  Experiment  1 and  MTs,  performance 
variability,  and  phasing  relations  for  Experiment  2. 

Analyses  of  the  three  dependent  measures  based  on  the 
training  data  for  Experiment  1 revealed  two  relevant 
training  findings.  When  training  was  limited,  the  timing 
characteristics  were  primarily  a function  of  the  effectors. 
However,  sufficient  training  eliminated  the  initial 
differences  caused  by  the  use  of  different  effector 
conditions.  On  the  other  hand,  the  extensive  training 
scheme  led  to  better  accuracy,  less  variability,  and  more 
pronounced  modification  of  phasing  characteristics  in 
comparison  to  the  limited  training  condition.  Yet,  it  had 


189 

differential  effects  on  the  segments  with  different 
prescribed  time  durations. 

Transfer-related  findings  for  Experiment  1 include  the 
following.  First,  when  the  relative  timing  structure  was 
maintained,  performance  accuracy  and  variability  was  better 
than  when  a different  timing  structure  was  introduced. 
Second,  the  better  transfer  performances  associated  with  the 
auditory  task  as  compared  with  the  other  tasks  could  be 
partially  attributed  to  the  special  mechanisms  underlying 
auditory  signal  processing.  Third,  when  training  was 
extensive,  the  factor  that  determined  the  quality  of 
performance  was  the  timing  structure  not  the  hand  effector. 

As  for  Experiment  2,  the  effector  conditions  mainly 
determined  the  phasing  characteristics  during  training 
irrespective  of  training  schemes.  Second,  the  type  of 
training  also  affected  variability  and  MT  performances,  with 
the  extensive  training  condition  being  associated  with  less 
variability  and  faster  MTs  than  the  limited  training 
condition.  Third,  the  phasing  characteristics  for  subjects 
trained  with  the  single-hand  condition  were  constant  all  the 
time,  but  they  varied  for  subjects  trained  with  the  between- 
hand  condition. 

In  addition,  transfer-related  findings  indicated  that 
the  SD  and  MT  data  did  not  vary  as  a result  of  training 
types  and  effector  conditions.  Instead,  they  varied 
according  to  the  internal  structure  of  the  tasks. 


190 


Furthermore,  the  phasing  characteristics  were  determined  by 
the  effector  conditions  and  the  nature  of  the  tasks 
themselves.  It  seemed  that  performance  was  independent  of 
initial  training. 

Conclusions 

Based  on  the  findings  of  this  study,  the  following 
conclusions  are  made: 

1.  Sufficient  training  in  general  leads  to  enhanced 
accuracy,  reduced  variability,  and  faster  speed  (when  speed 
is  the  goal)  in  the  timing  of  sequential  movements. 

2 . The  particular  timing  control  mechanism  that  is 
activated  depends  on  nature  of  the  task  and  the  amount  of 
training. 

3 . Some  timing  features  are  a direct  result  of 
deliberate  information  processing.  On  other  occasions, 
timing  features  evolve  naturally  as  a consequence  of  muscle 
dynamics  without  the  interference  of  conscious  processing. 

4.  Finally,  both  central  and  peripheral  mechanisms  are 
needed  for  timing  the  motor  tasks  studied  in  this 
investigation  although  their  contributions  vary  with  the 
nature  of  the  tasks  and  the  skill  level  of  the  subjects. 

Implications  for  Further  Research 

On  the  basis  of  this  study,  the  following  suggestions 
are  offered  for  future  investigations  concerning  motor 
timing  and  control  mechanisms. 
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1.  This  study  represented  one  of  the  recent  trends 
(see  Newell,  1992)  in  motor  behavior  research  in  which  a 
learning  paradigm  (i.e.,  extensive  versus  limited  training) 
was  used  to  investigate  motor  control  problems  (i.e.,  the 
nature  of  timing  control  mechanisms) . The  results  have 
assisted  with  further  understanding  of  current  issues  in 
motor  timing  theories.  Results  from  this  study  have 
indicated  that  timing  characteristics  vary  with  the  type  of 
training  schemes.  Nonetheless,  the  present  study  was 
limited  to  a one-day  testing  session  (including  training  and 
transfer) . It  would  be  of  interest  to  know  how  even  longer 
training  sessions  (e.g.,  one-week,  or  one-month  training 
session)  will  influence  timing  performance  and  transfer. 
Thus,  more  appropriate  inferences  can  be  derived  with 
respect  to  the  permanency  of  related  timing  mechanisms.  For 
instance,  it  is  expected  that  longer  training  sessions  will 
further  stabilize  performance  and  reduce  error  to  the  extent 
when  performance  becomes  automatic,  consequently, 
eliminating  initial  differences  in  some  cases  and  at  the 
same  time  making  differences  more  pronounced  in  others. 
Therefore,  it  can  be  concluded  with  more  assurance  that 
invariant  relative  timing  that  results  can  be  a personal 
choice  based  on  a central  representation  (i.e.,  strategy) 
(Heuer  & Schmidt,  1988;  Kolers  & Brewster;  1985),  or  it  can 
be  a natural  consequence  of  task  constraints  (no  deliberate 
processing  of  timing  information) . 


192 


2 . This  study  attempted  to  examine  the  temporal 
organization  of  sequential  movements  in  isolation  by  holding 
the  spatial  factor  constant.  Since  all  motor  skills  have 
both  temporal  and  spatial  components,  it  might  be  of 
significance  to  investigate  the  relationship  between  the 
spatial  and  temporal  contributions  to  the  formation  of 
sequential  motor  skills  using  the  same  paradigm  as  employed 
in  this  study.  Further  examined  can  be  the  unresolved  issue 
of  whether  the  same  control  mechanisms  underlie  the  spatial 
and  temporal  organizations  in  sequential  motor  skills  (e.g., 
MacKay,  1987a,  1987b;  Norman  & Rumelhart,  1982;  Rosenbaum, 
1985) . One  argument  claims  that  the  mechanism  that  controls 
temporal  organization  also  controls  the  spatial  organization 
(Rosenbaum,  1985) . In  contrast,  it  has  been  also  argued 
that  the  mechanisms  for  the  timing  and  sequencing  (a  spatial 
characteristic)  are  independent  of  each  other  (Keele,  1987; 
MacKay,  1987a,  1987b) . Considering  that  the  different 
results  have  evolved  from  the  experiments  that  have  not 
considered  task  and  training  effects,  it  is  expected  that 
the  validity  of  these  two  claims  will  be  challenged  under 
the  scrutiny  of  the  research  paradigm  adopted  in  this  study. 

3 . The  present  study  raised  the  issue  of  the 
appropriateness  of  two  contrasting  views  on  timing  held  by 
experts  favoring  the  information  processing  approach  and  the 
ecological  approach.  Although  the  data  have  lent  support  to 
either  one,  as  expected,  it  should  be  acknowledged  that  the 
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experimental  procedures  and  tasks  involved  are  more  typical 
of  the  information  processing  approach.  Despite  the  effort 
here  to  be  objective  and  impartial  in  selecting  all  the 
tasks  and  procedures  so  that  they  did  not  have  a bias 
towards  either  approach,  the  training  and  transfer  tasks 
were  still  characteristic  of  the  information  processing 
models. 

In  addition,  the  dependent  and  independent  measures 
that  were  used  are  also  associated  with  traditional 
cognitive  studies.  In  principle,  this  does  not  prevent  this 
study  from  contributing  to  the  understanding  of  the  related 
issues,  because  these  tasks  and  procedures  were  based  on 
well-defined  criteria  and  were  held  the  same  for  all 
subjects.  Yet,  it  is  worthwhile  if  a study  with  the  same 
objectives  is  conducted  under  the  conditions  in  which 
experimental  procedures  and  tasks  more  typical  of  the 
ecological  approach  are  used  (e.g.,  mathematical  modeling, 
bimanual  oscillations  paced  by  a metronome) . On  the  basis 
of  this  work,  the  ultimate  goal  is  to  establish  some  firm 
common  grounds  on  which  both  approaches  can  reconciliate  and 
communicate.  Only  then  can  the  differences  in  terminology 
and  methodology  between  these  two  approaches  be  reduced  to  a 
minimum  level. 

4.  As  for  the  tasks  involved,  they  represented  only  a 
few  limited  situations.  Future  researchers  should  adopt 
different  transfer  tasks.  For  instance,  the  50%  speed 
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transfer  task  in  Experiment  1 is  a special  case.  Present 
findings  have  suggested  that  extensive  training  did  not 
favor  this  task  in  comparison  to  limited  training.  The 
reason  could  be  that  the  speed  was  much  too  slow.  Speed 
reductions  of  10%,  20%,  or  30%  may  be  used  and  different 
results  may  be  obtained.  It  is  possible  that  rate  of 
performance  determines  the  activation  of  certain  mechanisms 
but  not  others  (Yamanishi  et  al.,  1981).  Another  example  is 
the  same  relative  timing  task  in  Experiment  1.  This 
transfer  condition  can  be  made  more  difficult  by  timing  the 
training  task  segmental  MTs  with  a different  ratio,  thus 
making  the  total  duration  much  shorter  or  much  longer. 

In  general,  the  question  of  how  motor  skills  are 
temporally  organized  is  still  a challenge  to  researchers  in 
the  behavioral  sciences  and  neurosciences.  The  inspiring 
news  is  that  more  technologies  and  theories  are  being  tested 
and  developed  to  tackle  the  identified  problems.  In 
addition,  extant  theories  can  be  unified  in  the  unscrambling 
of  a complex  issue  (Newell,  1990).  It  is  hoped  that  this 
study  will  provide  some  help  for  future  pursuits  in  the 
understanding  of  human  motor  skills. 
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APPENDIX  A 

AN  INFORMED  CONSENT  FOR  EXTENSIVE  TRAINING  SUBJECTS  OF 

EXPERIMENT  1 


University  of  Florida 
Department  of  Exercise  and  Sport  Sciences 

Informed  Consent 

Project  Title:  Temporal  Organization  in  Sequential  Motor 

Skills:  Practice  and  Task  Effects  I 

Principal  Investigator:  Dapeng  Chen,  Doctoral  Student, 

Exercise  and  Sport,  25  FLG,  392-0584 

This  is  to  certify  that  I,  r 

hereby  agree  to  participate  as  a volunteer  in  this 
investigation  as  part  of  an  authorized  research  program  at 
the  University  of  Florida,  under  the  supervision  of  Dr. 
Robert  N.  Singer  and  Dr.  James  H.  Cauraugh. 

Purpose  and  Testing  Procedures 

The  primary  purpose  is  to  determine  whether  timing  control 
mechanisms  will  change  as  a function  of  amount  of  practice 
and  type  of  tasks  involved.  You  will  press  six  keys  to 
match  a pattern  of  time  intervals  either  under  a single-hand 
or  between-hand  condition  on  a customized  keyboard.  After 
five  5 practice  trials,  320  training  trials  will  be 
administered.  Sixty  transfer  trials  will  be  given  after  a 
5-min  rest.  Graphic  knowledge  of  results  will  be  provided 
after  each  trial  during  the  training  phase  but  not  during 
the  transfer  phase.  Testing  will  last  1 and  1/2  hours. 
General  Information 

(a)  I understand  that  the  experimenter  will  answer  any 
of  my  questions  about  the  research  project  and  my 
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rights  as  a volunteer  subject. 

(b)  I understand  that  there  is  minimal  risk  to  my  health 
and  well-being. 

(c)  I understand  that  I will  receive  participation  credit 
for  completing  this  experiment. 

(d)  I understand  that  I am  free  to  withdraw  my  consent  and 
to  terminate  my  participation  at  any  time. 

(e)  I understand  that  failure  to  participate  in  the 
experiment  will  not  affect  my  grade. 

(f)  I understand  that  my  data  and  answers  will  remain 
completely  confidential.  My  identity  will  be  withheld 
from  data  files,  sheets,  and  analyses  because  a number 
coding  system  will  be  used.  Only  grouped  data  will  be 
reported  in  any  future  publication. 

I have  read  and/or  discussed  the  procedure  described  above 
and  I understand  the  procedure.  I voluntarily  agree  to 
participate  in  this  experiment  and  I certify  that  I have 
received  a copy  of  this  description: 


Signature  of  Subject 

Age 


Date 


Signature  of  Witness 


Date 
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I have  defined  and  fully  explained  this  study  to  the  above 
named  subject. 


Signature  of  Principal  Investigator 


Date 


APPENDIX  B 

A DEMOGRAPHIC  QUESTIONNAIRE  FOR  EXPERIMENT  1 


Pre-Experimental  Questionnaire 


Subject  Code (For  experimenter  use  only) 

Date 

Age 

Year  in  School 

Sex  (M  or  F) 


(1)  Are  you  right-handed  or  left-handed? 

(2)  Is  your  vision  20/20? (Y/N)  Do  you  wear 

glasses/contacts? (Y/N) 

(3)  Do  you  have  any  hearing  problems? (Y/N) 

If  the  answer  is  Y,  please  specify.  
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APPENDIX  C 

A COMPLETE  SET  OF  INSTRUCTIONS  FOR  SUBJECTS  TRAINED  WITH  THE 

SINGLE-HAND  CONDITION  IN  EXPERIMENT  1 


General  Instructions  for  the  Training  Task 

Thank  you  for  participating  in  this  experiment.  Make 
yourself  comfortable  while  you  look  over  the  key  pressing 
apparatus.  The  apparatus  consists  of  six  keys  in  a circle. 
You  are  going  to  learn  a task  that  will  require  you  to:  (1) 

remember  a sequence  of  six  numbers  and  (2)  depress  the  keys 
in  this  prescribed  order  at  a particular  response  rate.  The 
sequential  order  is  6,  4,  3,  5,  1,  and  2.  The  response  rate 
is  determined  by  the  specific  intertap  intervals.  The  five 
goal  intertap  intervals  are  300,  180,  650,  260,  and  700 
milliseconds.  Try  to  be  familiar  with  both  the  sequence  and 
the  intertap  intervals  now. 

A trial  starts  with  the  graphical  presentation  of  the 
apparatus  on  the  screen.  Once  you  see  the  graph,  place  the 
index  and  middle  fingers  (held  together)  of  your  dominant 
hand  on  key  6.  After  a short  delay,  the  red  square 
representing  the  first  key  in  the  sequence  to  be  pressed 
starts  flashing,  followed  consecutively  by  the  remaining 
squares  representing  the  other  five  keys.  The  intervals 
between  the  flashings  represent  the  goal  intertap  intervals. 

Since  this  is  not  a reaction  time  task,  you  may  start 
pressing  the  keys  anytime  within  the  next  3 seconds  when  you 
see  the  command  'READY'.  If  you  wait  more  than  3 seconds, 
an  error  message  will  appear  on  the  screen. 

Five  practice  trials  will  be  given  before  the 

/ 

experiment  begins.  A two-second  interval  separates  two 
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consecutive  trials.  After  each  100  trials,  you  will  take  a 
one-minute  break  for  1 minute.  During  this  time,  a melody 
will  be  played.  At  the  end  of  the  break,  you  will  be 
prompted  to  get  ready  for  the  upcoming  trials.  Repeat  this 
process  until  a message  appears  to  indicate  the  end  of  the 
test . 

If  you  have  any  questions  ask  them  now. 

Instructions  about  Knowledge  of  Results  (KR1 
Once  you  have  completed  a trial,  look  at  the  screen. 

If  the  keys  have  been  pressed  in  the  proper  sequence,  the 
screen  will  display  the  five  intertap  intervals  you  just 
generated.  There  will  be  10  colored  bars  (five  red  and  five 
white)  on  the  screen.  The  graph  is  drawn  in  such  a way  that 
one  red  bar  and  one  white  bar  representing  the  same  intertap 
interval  are  displayed  adjacently.  An  exact  match  in  height 
between  the  intertap  interval  (red  bars)  and  performance 
(white  bars)  is  the  goal.  White  bars  that  are  shorter  than 
red  bars  indicate  too  little  time  between  taps.  White  bars 
that  are  larger  than  red  bars  indicate  too  much  time  between 
taps.  Try  to  use  the  knowledge  of  results  to  reduce  timing 
error.  Remember  to  perform  the  key  presses  in  the 
prescribed  sequential  order  and  at  the  designated  response 
rate  by  making  full  use  of  KR. 

Instructions  for  the  Transfer  Tasks 
Thank  you  again  for  your  cooperation.  Now  that  you 
have  had  a great  deal  of  practice  on  the  key-pressing  task. 
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it  will  be  interesting  to  know  how  you  will  perform  three 
timing  tasks  (20  trials  for  each  task)  without  KR.  These 
tasks  are  related  to  the  training  task  in  that  they  require 
you  to  use  the  hand  condition  and  press  the  six  keys  in  the 
same  order  to  match  a response  rate  as  shown  in  the  sequence 
of  flashing  lights.  It  is  your  obligation  to  determine 
whether  these  tasks  are  similar  or  different  in  their 
response  rates  as  compared  with  the  training  task,  and  then 
display  your  best  performance  possible. 


APPENDIX  D 

A COMPLETE  SET  OF  INSTRUCTIONS  FOR  SUBJECTS  TRAINED  WITH  THE 

SINGLE -HAND  CONDITION  IN  EXPERIMENT  2 


GENERAL  INSTRUCTIONS 


Thank  you  for  participating  in  this  experiment.  Make 
yourself  comfortable  while  you  look  over  the  apparatus  that 
consists  of  six  keys  in  a circle.  Your  task  is  to  depress 
the  keys  in  a prescribed  sequential  order,  which  is:  6,  4, 

3,  5,  1,  2.  Try  to  be  familiar  with  the  sequence  now. 

A trial  starts  when  the  word  'Ready'  appears  in  the 
center  of  the  screen.  At  this  moment,  place  the  index  and 
middle  fingers  (held  together)  of  your  right  hand  on  key  6. 
After  a variable  interval,  'READY'  is  replaced  with  the  word 
'GO'.  As  soon  as  'GO'  appears,  press  the  first  key  and  the 
remaining  keys  as  quickly  and  accurately  as  possible  in  the 
specified  order. 

Five  practice  trials  will  be  given  before  the  test 
begins.  A two-second  interval  separates  two  consecutive 
trials.  After  100  trials,  you  will  take  a break  for  1 
minute.  During  this  time,  a melody  will  be  played.  Repeat 
this  process  until  a message  appears  to  indicate  the  end  of 
the  test. 

Do  you  have  any  questions? 

Instructions  about  Knowledge  of  Results  (KR) 

After  depressing  the  keys  in  the  proper  sequence,  you 
will  be  shown  a total  response  time  in  milliseconds.  The 
smaller  the  value,  the  better  your  performance.  If  you  have 
pressed  the  keys  in  a wrong  order,  you  will  get  a beep  and 
an  error  message  instead  of  the  total  response  time. 
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Instructions  for  the  Transfer  Tasks 
Thank  you  again  for  your  cooperation.  Now  that  you 
have  had  a great  deal  of  practice  on  the  key-pressing  task, 
it  will  be  interesting  to  know  how  you  will  perform  two 
related  tasks  (20  trials  for  each  task) . 

The  first  task  requires  you  to  press  the  six  keys  in 
the  same  sequential  order  as  in  the  training  phase. 

However,  you  are  required  at  this  time  to  perform  at  a speed 
which  is  approximately  50%  of  your  maximum  speed.  The 
second  task  requires  you  to  press  six  keys  as  quickly  and 
accurately  as  possible,  but  following  a different  sequential 
order  ( 5 , 1 , 5 , 6 , 4 , and  3 ) . Compared  with  the  order  in 
the  training  task,  the  positions  for  the  first  and  second 
halves  will  be  reversed.  However,  the  order  in  the 
subsequence  is  still  the  same. 
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